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A SECOND GLANCE 


It is a pleasure to observe in the second issue 
of the A.J. Ch. E. Journal that a rather wide 
coverage of the field of chemical engineering has 
been accomplished. Thermodynamics and _ unit 
operations are the preponderant subjects, but 
kinetics and new techniques and theories are also 
encountered. The continuing expansion of chemi- 
cal engineering is such that many more fine arti- 
cles may be expected in the future. The literature 
in this field seems to behave like the circum- 
ference of a circle (or perhaps rather like the 
surface of a sphere) in that each development 
breeds new opportunities for further exploration 
and publication. There is no shortage of excellent 
papers coming to the editorial offices; and we 
have a substantial back log from which to select. 
This aspect of the editor’s job is both pleasing 
and easy. 

Mere quantity, of course, does not represent a 
particularly suitable aim or publication policy un- 
less it is matched with quality. High standards in 
this regard have been set for us in the former 
Transactions of the American Institute of Chemi- 
cal Engineers and in Chemical Engineering Prog- 
ress, and we intend to maintain them. One can 
list easily many distinguished and significant pa- 
pers appearing in those publications in past years 
which have opened up whole new fields of in- 
quiry. Such papers bring in their train a series 
of solid observations and generalizations of great 
value. It is our hope that the A.J.Ch.E. Journal 
will be as fortunate in bringing to the readers 
sO many original and pioneering contributions. 

The geographical distribution of the authors in 
this issue is also worthy of attention. As was to be 
expected, most of the articles originated in the 
American universities, and certainly the prize for 
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this issue must go to the Midwestern ones. It is 
disappointing that so few papers have come to 
us from industrial groups, and we hope for much 
more representation from them in the future. 

Our expanded publishing program which has 
brought forth the A.J.Ch.E. Journal will also 
bring many problems. Chief among these is, of 
course, the financial one. The editor’s constant 
insistence on paring and eliminating must some- 
times be disappointing to authors, and he fears 
greatly for whatever personal popularity he may 
have once had. One of the main concerns is the 
problem of original data. Such data have been 
made available at the American Documentation 
Institute, and great economy results thereby be- 
cause tabulations of data are very expensive to 
print. Treatment of the data and correlations 
and generalizations about them are ordinarily to 
be published in the magazine. Such correlations, 
however, also involve tabular presentations with 
consequent high printing costs. The editor feels 
that there might be much merit in confining the 
author’s treatment thereof to graphs, which are 
less expensive, and to the text. There are excep- 
tions to this dictum, of course, particularly when 
the manner of interpretation is clearly estab- 
lished. An example is PVT data, where presenta- 
tion as “smoothed” compressibility factors or resi- 
duals is universal. In many fields, however, im- 
provements in interpretation are constantly being 
made, and one of the aims of the Journal is to 
present these, both for application and for fur- 
ther refining. As this matter of economy is at 
present of paramount interest in the presenta- 
tion of new developments in chemical engineer- 
ing, observations on this matter would be wel- 
comed from readers. 
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GAS ABSORPTION AND OXIDATION 
IN DISPERSED MEDIA 


L. B. ANDERSEN and H. F. JOHNSTONE 


The absorption and subsequent liquid-phase reaction of oxygen was studied with 
two types of dispersion apparatus, the Venturi atomizer and the fritted-glass disperser. 
The systems studied in both devices included the absorption of atmospheric oxygen 
by catalyzed sodium sulfite solutions and the simultaneous absorption of atmospheric 
oxygen with nitrogen dioxide and with sulfur dioxide by water. 

Very large values of the liquid-film mass transfer coefficient for oxygen absorption 
were measured in the atomization zone of the Venturi atomizer. Over-all recovery 
efficiencies were less than 2.3% for nitrogen dioxide but reached as much as 
22% for sulfur dioxide. Oxidation efficiencies for sodium sulfite solutions ranged up 
to 80%, depending on the operating conditions. 

The fritted-glass disperser gave recovery efficiencies of nitrogen dioxide as high 
as 90% from air containing 10% of the gas. The recovery efficiency decreased at 
low concentrations of nitrogen dioxide for both the Venturi atomizer and the 


fritted-glass disperser. 


Fine dispersion of either the gas 
or liquid phase produces a large 
interfacial area for gas absorption 
and relatively high rates of mass 
transfer. Large mass transfer co- 
efficients have been reported for the 
finely dispersed liquid phase in the 
Venturi atomizer(3). In this work, 
measurements were reported on the 
rates of absorption of sulfur diox- 
ide and oxygen and the rate of de- 
sorption of carbon dioxide in the 
atomization zone. For carbon di- 
oxide and oxygen the values of the 
liquid-film mass transfer coefficient 
were very large in the vicinity of 
the liquid injection and decreased 
rapidly with distance within the 
atomization zone. The high rates 
of carbon dioxide desorption sug- 
gested the present work, in which 
an attempt was made to define fur- 
ther the absorption process in the 
Venturi atomizer. The work was 
confined ‘o processes involving oxy- 
gen abs rption and _ subsequent 
chemical reaction in the liquid 
phase. If the oxygen in solution 
reacts chemically as rapidly as it is 
absorbed, the rate of absorption 
should be substantially increased. 

Results are presented for two 
methods of dispersion: atomization 
in a Venturi throat and aeration 
through a porous fritted-glass cyl- 
inder. For the former, measure- 
ments are reported on rates of ab- 
sorption of oxygen by pure water 


Complete data are found in the Ph. D. thesis 
Andersen, obtainable on microfilm 
from University Microfilms, Inc., Ann Arbor, 
Michigan. 
L. B. Andersen is at present at Lehigh Uni- 
versity, Bethlehem, Pennsylvania. 
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and by sodium sulfite solutions, as 
well as on the rates of oxygen ab- 
sorption during the simultaneous 
absorption of nitrogen dioxide and 
sulfur dioxide. Mass transfer coeffi- 
cients for oxygen were determined 
in each case as functions of dis- 
tance near the point of liquid in- 
jection. This is the region of high- 
est transfer rate. Over-all oxidation 
efficiencies for sodium sulfite solu- 
tions and recovery efficiencies for 
nitrogen dioxide and sulfur dioxide 
in the Venturi atomizer were also 
determined. 

With the fritted-glass disperser, 
the gas phase is finely divided in 
the bulk liquid phase. This pro- 
duces a large interfacial area per 
unit volume of gas and ensures in- 
timate contact of all the gas with 
the liquid absorbent. Recovery 
efficiencies for nitrogen dioxide 
were determined for gas composi- 
tions up to 10% nitrogen dioxide. 
In addition, brief studies were 
made on sulfur dioxide recovery 
and sodium sulfite oxidation with 
this type of contactor. 


EXPERIMENTAL 


Two venturi sections were used in 
the work. The data for oxygen absorp- 
tion by pure water were obtained in 
the Lucite venturi used previously for 
studies of carbon dioxide desorption 
(8). The throat diameter was ap- 
proximately 1-1/8 in. and the throat 
length was 3 in. All other measure- 
ments were made in a Lucite venturi 
with a throat diameter of 1/4 in. and 
a throat length of 1/2 in. The gas 
velocity was 327 ft./sec. in the 
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larger venturi throat and 300 ft./ 
sec. in the smaller throat. Gas flow 
rates were measured upstream of 
the liquid injection venturi by a 
standard venturimeter. Nitrogen di- 
oxide or sulfur dioxide was in- 
jected sufficiently far upstream to 
ensure a uniform composition at 
the gas-analysis point. Liquid was in- 
jected axially with a single stainless- 
steel hypodermic needle which had an 
inside diameter of 0.13 cm. Samples 
of the spray were collected with an 
impact tube at 0.45, 1.10, and 2.84 in. 
from the point of liquid injection in 
the larger venturi and at 0.25, 0.50, 
and 1.00 in. from injection in the 
smaller venturi. 

The fritted-glass disperser was a 
relatively simple apparatus. The con- 
tacting element was a_ standard 
coarse-porosity Pyrex fritted-glass 
cylinder. The dimensions of the cylin- 
der were 4 mm. I.D., 12 mm. O.D., and 
19 mm. high. The base of the cylin- 
der was sealed and gas passed only 
through the sides. The cylinder was 
located at the bottom of a liquid-filled 
column 43 in. high and 2-3/8 in. in 
diameter. The gas passed through the 
interstices in the fritted glass and 
bubbled up through two liters of 
liquid. It then passed to a column 
filled with standard sodium hydroxide 
and hydrogen peroxide for removal 
of any nitrogen dioxide or sulfur 
dioxide not absorbed in the first col- 
umn. 


Analytical Procedures. The gas phase 
in the venturi atomizer was analyzed 
for nitrogen dioxide, or sulfur dioxide, 
by passing a sample through a stand- 
ard solution of sodium hydroxide con- 
taining hydrogen peroxide and meas- 
uring the remaining gas in the sample 
with a wet test meter. All the nitro- 
gen dioxide, or sulfur dioxide, was 
absorbed in the sodium hydroxide and 
the excess hydroxide was determined 
by titration with standard hydro- 
chloric acid. Total acid concentration 
in the liquid phase was determined 
by titration with standard sodium 
hydroxide. Nitrous acid was found by 
addition of an excess of potassium 
permanganate followed by back-titra- 
tion with standard sodium thiosulfate. 
In the absorption of sulfur dioxide by 
water and of oxygen by sodium sul- 
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fite solutions, sulfite ion was deter- 
mined by addition of an excess of 
standard iodine solution and _ back- 
titration with standard sodium thio- 
sulfate. Similar procedures, where ap- 
plicable, were used with the fritted- 
g'iass absorber. 

The quantity of oxygen absorbed in 
the atomization zone of the venturi 
atomizer with simultaneous absorp- 
tion with nitrogen dioxide was found 
from the difference between the con- 
centration of nitric acid and nitrous 
acid. In the over-all reaction of oxy- 
gen with nitrogen dioxide and water 


n NOs + > H:0 +270; = 
n 


4 2r| HNO; (1) 
and 
moles oxygen absorbed = x = 
moles HNO, — moles HNO, 
(2) 
This calculation assumes that there 
is no escape of nitric oxide formed 


by decomposition of nitrous acid in 
the very short time in the atomiza- 


tion zone. This is reasonable, since 
decomposition of the acid in the 
liquid phase is slow (1) and oxygen 
can be absorbed sufficiently rapidly to 
oxidize any nitric oxide formed. The 
oxygen absorbed with sulfur dioxide 
was found from the amount of sul- 
furic acid formed. The oxygen ab- 
sorbed by sodium sulfite solutions was 
found from the difference between the 
initial and final sulfite concentrations. 


The Spray Zone. In order to calcu- 
late values for the liquid-film mass 
transfer coefficient in the venturi 
atomizer, it was necessary to deter- 
mine the absorption volume occupied 
by the spray. The dimensions of the 
spray zone at a gas velocity of 300 
ft./sec. were measured visually with 
calipers from the outside of the trans- 
parent throat. Within 1 in. of liquid 
injection the spray zone was found 
to be a straight-sided truncated cone. 
The cross-sectional diameter at the 
injection point was 0.051 in., and at 
1 in. from injection it was 0.22 in. 
The shape of the spray zone should 
depend on the properties of the liquid, 
the size and shape of the injection 
nozzle, and the relative velocity be- 
tween the liquid and the gas. It should 
be independent of the size of the 
venturi throat, so long as no wall 
impingement occurs. The absorption 
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Fic. 1. EFFECT OF SULFATE CONCENTRATION ON RATE OF OXYGEN 
ABSORPTION IN THE VENTURI ATOMIZER. 
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Fic. 2. COEFFICIENT Kra FOR OXYGEN 
ABSORPTION BY SODIUM SULFITE SOLU- 
TIONS: CATALYST, 0.01M CoSO,; Gas 
VELOCITY, 300 FT./SEC. EXCEPT AS 


NOTED. 
Liquid rate, 

Solution ml./min. 
1 0.0100M Na,SO, .... 300 
2 0.0100M Na.SO, .... 200 
3 0.0100M Na.SO, .... 100 
4 0.0100M Na.SO, .... 50 
5 0.050M Na,SO, ..... 50 
6 0.025M Na,SO, ..... 50 

Pore water 95.2, 

velocity, 


327 ft./sec. 


volume determined in this manner is 
not analogous to the absorption vol- 
ume in conventional absorption equip- 
ment. It is useful, however, in calcu- 
lating the absorption coefficient for 
comparison of the systems studied. 


ABSORPTION IN THE VENTURI 

ATOMIZER 

Nukiyama and Tanasawa(5) de- 
scribe the mechanism of atomiza- 
tion of a liquid when it is injected 
int» a high-velocity air stream. At 
the gas velocities used in this work, 
the liquid is atomized by the for- 
mation and subsequent shattering 
of attentuated, twisted filaments 
and thin, cuplike films. These fila- 
ments and films are initially avail- 
able for absorption. Subsequently 
more or less spherical droplets are 
formed which have less surface 
area per unit volume of liquid than 
the attenuated films and filaments. 

The mass transfer coefficient was 
calculated(3) from the slope of the 
curve of oxygen absorbed as a func- 
tion of the absorption volume, 
which was determined from the 
original data of oxygen absorbed 
as a function of distance from in- 
jection, illustrated in Figure 1. 
This slope, measured in gram- 
moles/ (liter) (cubic inch), was mul- 
tiplied by the liquid injection rate 
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and divided by the driving force 
across the liquid film to give the 
liquid-film mass transfer coefficient, 
K,a. The driving force is the dif- 
ference between interfacial oxygen 
concentration and the bulk concen- 
tration. The interfacial concentra- 
tion was assumed to be in equilibri- 
um with the oxygen in the gas. The 
bulk concentration was taken as 
zero, since the chemical reaction 
consumed all the oxygen. The co- 
efficient is the transfer rate per 
unit absorption volume per unit 
driving force. 

The scatter of the data can be at- 
tributed to variations in the spray 
under otherwise identical condi- 
tions. The present measurements 
were all made within 1 in. of the 
point of injection, closer than in 
any of the previous work. The 
values of the coefficient K,a for 
oxygen absorption by catalyzed so- 
dium sulfite solutions, shown in 
Figure 2, are initially much larger 
than those for absorption of the 
gas by pure water. The values for 
sodium sulfite decrease rapidly with 
distance until they are nearly equal 
to those for pure water at 1 in. 
from liquid injection. 

Curves similar to those in Fig- 
ure 1 were drawn through the 
original data for oxygen absorption 
with nitrogen dioxide and with sul- 
fur dioxide. The data scattered like 
those for sodium sulfite. The values 
of the coefficient K,a for oxygen 
absorption with nitrogen dioxide 
are shown in Figure 3 and for 
oxygen absorption with sulfur di- 
oxide, in Figure 4. 

The high initial mass transfer 
coefficients for oxygen absorption 
by pure water can be attributed 
to the large initial interfacial 
area, high relative gas-liquid 
velocity, and great liquid turbu- 
lence. The rapid decrease in the 
absorption rate is caused by the 
decrease in interfacial area as the 
films and filaments shatter into 
spherical droplets, to the decrease 
in the relative velocity as the drop- 
lets are accelerated to the gas 
velocity, and to the decrease in 
liquid turbulence as the droplets 
pass downstream. When oxygen re- 
acts in solution, the rate of chemi- 
cal reaction is another factor to be 
considered. If the reaction is suffi- 
ciently rapid, there will be no 
build-up of dissolved oxygen and 
the absorption rate will be at a 
maximum. For slower reactions, a 
combination of diffusion and re- 
action rate will determine the rate 
of absorption. Slow reactions re- 
sult in the same rate of absorption 
as when no chemical reaction oc- 
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curs in the short time available in 
the Venturi apparatus. 

In the oxidation of sodium sulfite 
solutions, the rapid removal of dis- 
solved oxygen by reaction produces 
much larger values for the coeffi- 
cient K,a than in the case of ab- 
sorption by pure water. The value 
of K,a for oxygen absorption by a 


3 8 


Kia, LB. MOLES / x 1074 


DISTANCE FROM LIQUID INJECTION. INCHES 

FIG. 3. COEFFICIENT K,a FOR OXYGEN 

ABSORBED SIMULTANEOUSLY WITH 
NITROGEN DIOXIDE. 


Liquid rate, 


Gas composition ml./min. 
50 
50 


Kya, MOLE/CU. FT.) 


4 


ite} 1 
0.0 Os 1.0 


DISTANCE FROM LIQUID INJECTION, INCHES 
Fic. 4. COEFFICIENT K,a FOR OXYGEN 
ABSORBED SIMULTANEOUSLY WITH 
SULFUR DIOXIDE: CATALYST, 0.01M 
MANGANOUS SULFITE. 
Liquid rate, 


Gas composition ml./min. 


A.I.Ch.E. Journal 


0.025 M sodium sulfite solution at 
0.1 in. from liquid injection is 
5,200,000 lb. moles/(hr.) (cu. ft.) 
‘Ib. mole/cu. ft.) for a liquid rate 
of 100 ml./min. This is to be com- 
pared with K,a for absorption by 
pure water of 160,000 at aproxi- 
mately the same liquid and gas 
rates. An additional factor influ- 
ences the decrease in oxygen ab- 
sorption rate by sodium sulfite solu- 
tions. As the sodium sulfite is 
oxidized, its concentration de- 
creases and the rate of chemical 
consumption of oxygen consequent- 
ly decreases. In the ultimate case 
all the sodium sulfite is oxidized, 
and the final absorption rate would 
approach that for absorption by 
pure water. Thus the value of the 
mass transfer coefficient for 0.025 
M sodium sulfite solution is only 
twice as great as that in water at 
1.0 in. from the point of injection. 
The values of the coefficient K,a 
decrease similarly for other initial 
sodium sulfite concentrations. Thus 
apparently the same factors which 
operate to decrease the rate of oxy- 
gen absorption by pure water also 
control the rate of absorption by 
sodium sulfite solutions. Such a 
situation can be explained by pos- 
tulating that initially during atomi- 
zation, in the region of filaments 
and films there is no significant 
physical resistance to absorption 
and therefore the absorption rate is 
controlled by the chemical reaction. 
Later, when the droplets have been 
formed, ‘the diffusional resistance 
controls. This transition must oc- 
cur rapidly, within 1 in. of the 
point of liquid injection. 

This mechanism also affects the 
results of the oxygen—nitrogen di- 
oxide absorption. The nitrogen 
dioxide must diffuse into the liquid 
before it reacts with dissolved oxy- 
gen. Thus the rate of oxygen ab- 
sorption will depend on the rate of 
nitrogen dioxide absorption, as well 
as on the rate of intermediate re- 
actions: 


2 NOz (aq.) + H2O = HNOs (aq.)+ 
HNO: (aq.) (3) 


2 (aq.) = NO (aq.) + 
(aq.) + H2O (4) 


NO (aq.) + Oz (aq.) = (aq.) 
(5) 


In dilute solutions nitrogen dioxide 
reacts immediately once it enters 
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the liquid phase. The values for the 
coefficient K,a for oxygen absorp- 
tion vary more with initial nitro- 
gen dioxide concentration than they 
do with initial sodium sulfite con- 
centration, an indication that the 
rate of oxygen absorption depends 
in part on the rate of nitrogen di- 
oxide absorption. In general, the 
values in this case are lower than 
for sodium sulfite oxidation. The 
method of calculation of K,a is 
based on an assumed zero concen- 
tration of oxygen in the liquid 
phase because of rapid chemical re- 
action. Where the values of K,a for 
oxygen absorption with nitrogen 
dioxide fall below those for pure 
water under otherwise similar con- 
ditions, the assumption is no longer 
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Fic. 5. EFFECT OF GAS COMPOSITION 

ON RECOVERY EFFICIENCY FOR NITRO- 

GEN DIOXIDE IN THE VENTURI ATOM- 
IZER. 


correct, because the value of K,a 
for oxygen absorption into pure 
water should be the minimum. 
Thus if the chemical reaction is 
slow, the oxygen concentration in 
the bulk of the liquid is not zero, 
because oxygen does not react as 
fast as it is absorbed. Since the 
values for the coefficient K,a for 
oxygen absorption with nitrogen 
dioxide actually fall below those for 
absorption by pure water, the reac- 
tions involved must be too slow to 
use the oxygen as rapidly as it is ab- 
sorbed. The rate of nitrogen dioxide 
absorption does not completely con- 
trol the rate of oxygen absorption, 
since there is still an oxygen defi- 
ciency. Apparently the nitrous acid 
decomposition and oxidation are the 
controlling reactions for oxygen ab- 
sorption. This discussion assumes 
that there is no appreciable reac- 
tion between oxygen, nitrogen di- 
oxide, and water vapor in the gas 
film, a reasonable assumption con- 
sidering the short time available 
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for the reaction and subsequent 
diffusion of nitric acid into the 
liquid. 

A case where the chemical re- 
actions are less complex, the absorp- 
tion of oxygen with sulfur dioxide 
in the presence of a catalyst, should 
provide further information on this 
point. Sulfur dioxide dissolves in 
water to give sulfurous acid in so- 
lution. Here the chemical reaction 
is rapid, but the sulfur dioxide 
must be absorbed before the oxy- 
gen can react in solution. The 
values for the coefficient K,a for 
oxygen absorption with sulfur di- 
oxide are initially between those 
for sodium sulfite and for nitrogen 
dioxide. The mass transfer coeffi- 
cients fall off rapidly with distance 
to the same magnitude as those for 
sodium sulfite solutions. Initially 
the rate of reaction requires more 
oxygen than in the nitrogen dioxide 
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Fic. 6. EFFECT OF GAS COMPOSITION 

AND CATALYST ON THE OVER-ALL RE- 

COVERY EFFICIENCY FOR SULFUR DI- 
OXIDE IN THE VENTURI ATOMIZER. 


case, but less oxygen is consumed 
than in the absorption by sodium 
sulfite solutions. For sodium sulfite 
oxidation the solute must diffuse 
outward to react with the oxygen 
diffusing inward from the surface 
if mixing is not complete within 
the droplet. For sulfur dioxide— 
oxygen absorption, both constitu- 
ents must be absorbed by the 
liquid, but they can react immedi- 
ately without further diffusion 
through the liquid. In this case, if 
the liquid droplet lacks circulation, 
the diffusion of sodium sulfite be- 
comes controlling for a fast reac- 
tion. 


Recovery of Gases. The application 
of the venturi atomizer to the re- 
moval of a constituent from the gas 
phase may now be considered. In 
the present work the recovery effi- 
ciencies for nitrogen dioxide and 
for sulfur dioxide were determined, 


A.1.Ch.E. Journal 


based on the composition of the 
effluent from the cyclone following 
the atomizer. The recovery effi- 
ciency for nitrogen dioxide was 
low, as shown in Figure 5. The ef- 
ficiencies decreased from approxi- 
mately 2.3% for 10% nitrogen di- 
oxide in the gas phase to less than 
1% for 1% nitrogen dioxide. This 
decrease is expected on the assump- 
tion that the chemical reaction con- 
trols the absorption rate (6). Use 
of the venturi atomizer for the re- 
covery of a substantial portion of 
nitrogen dioxide from the gas 
phase does not appear feasible be- 
cause the reaction is too slow. The 
use of an oxidation catalyst gave no 
improvement in recovery efficiency. 
Apparently the oxidation reaction 
does not control the absorption of 
nitrogen dioxide in dilute solution. 


OXIDATION EFFICIENCY, 
PERCENT OF ORIGINAL Na2S0O3 OXIDIZED 
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The recovery efficiencies for sul- 
fur dioxide were substantially 
higher than those for nitrogen di- 
oxide, as shown in Figure 6. The 
efficiency increased at lower sulfur 
dioxide concentrations; the recov- 
ery increased in the presence of an 
oxidation catalyst, 0.01 M manga- 
nous sulfate. An increase in the 
concentration of the catalyst to 
0.02 M had no appreciable effect. 
Efficiencies varied from 4 to 22% 
with liquid rate and sulfur dioxide 
concentration in the gas. These are 
sufficient to make the method of 
some commercial interest. 

A number of factors contribute 
to the low recovery efficiencies in 
the venturi atomizer. In order to 
achieve fine atomization it is neces- 
sary to maintain a high gas veloci- 
ty in the throat. In the present 
work the liquid supplied to contact 
the gas varied from 2.1 to 12.8 
gal./1,000 cu. ft. of gas. Some of 
the droplets impinged on the wall 
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TABLE 1.—COMPARISON OF ABSORPTION IN THE ATOMIZATION ZONE WITH 
OVER-ALL ABSORPTION IN THE VENTURI ATOMIZER 


Oxygen Absorption 


Oxygen absorbed, 


equiv. /liter 


Initial Na,SO; Liquid 
concentration, rate, Atomization 
moles/liter ml./min. zone 

Pure 95.2 4.2 x10-4 
0.021 100 0.0099 
0.054 100 0.0176 
0.054 300 0.0127 
0.100 100 0.0204 
0.100 200 0.0170 
0.099 300 0.0137 


Cyclone 
effluent 


5.6 X 10-4 
(saturated) 
0.0141 
0.0292 
0.0209 
0.0555 
0.0418 
0.0297 


Simultaneous Nitrogen Dioxide—Oxygen Absorption 


NO, absorbed, 
moles /liter 


Oxygen absorbed, 
Initial gas Liquid equiv. /liter 


composition, rate, 


vol. %NO, ml./min. zone effiuent 

17 100 0.0004 0.0010 
EJ 300 0.0003 0.0016 
6.3 100 0.0029 0.038 
6.5 300 0.0020 0.015 
8.4 100 0.0020 0.052 
7.9 300 0.0007 0.012 

10.9 100 0.0063 0.083 

10.7 300 0.0010 0.018 


Atomization Cyclone Atomization Cyclone 


0.75 


Ratio of 
atomization zone to 
over-all absorption 


Ratio of 


Simultaneous Sulfur Dioxide—Oxygen Absorption 


Oxygen absorbed, 


Initial gas Liquid equiv. /liter 


composition, rate, Atomization Cyclone Atomization Cyclone 


atomization zone to 
over-all absorption 


zone effluent NO, 
0.0016 0.0042 0.40 0.38 
0.0003 0.0022 0.19 0.14 
0.0083 0.090 0.08 0.09 
0.0027 0.037 0.13 0.07 
0.0116 0.132 0.04 0.09 
0.0037 0.040 0.02 9.09 
0.0171 0.191 0.08 0.09 
0.0048 0.068 0.06 0.07 

SO, absorbed, Ratio of 


atomization zone to 
over-all absorption 


moles/liter 


vol. % SO. ml./min. zone effluent zone effluent a SO; 
0.104 100 0.0017 0.0024 0.0034 0.0080 0.71 6.43 
0.117 300 0.0013 0.0015 0.0026 0.0060 0.87 0.43 
0.116 100 0.0021 0.0023 0.0036 0.0077 0.91 0.47 
0.135 300 0.0011 0.0013 0.0019 0.0059 0.85 0.32 
0.286 100 0.0020 0.0026 0.0070 0.0144 0.77 0.49 
0.320 300 0.0010 0.0019 0.0039 0.0123 0.53 0.32 


as they passed downstream and 
some settled out. The higher liquid 
rates necessary to ensure thorough 
contact of all the gas with the 
liquid resulted in greater wall im- 
pingement, with resultant decrease 
in interfacial area. Very low liquid 
rates gave little impingement, but 
not all the gas was brought into 
contact with the liquid. Because of 
the high linear velocities in the 
throat, the time of contact with the 
liquid is very short and the time of 
contact in the zone of high inter- 
facial area and turbulence is even 
less. These difficulties of course do 
not exist in large venturi atomizers 
where impingement on the wall and 
settling do not occur. 


Oxidation Processes. Although com- 
plete removal of a constituent from 
the gas phase appears to be impos- 
sible with the venturi atomizer, its 
use for absorbing oxygen from an 
air stream to oxidize an oxygen- 
deficient solution appears feasible. 
In this case it is not necessary to 
remove all or even a substantial 
part of the oxygen from the gas, 
nor must all the gas necessary for 
atomization come into contact with 
the liquid. Figure 7 shows the oxi- 
dation efficiencies of sodium sulfite 
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solutions containing an oxidation 
catalyst. In this case the liquid rate 
is a major factor. Lower liquid 
rates give higher initial surface- 
volume ratios. less impingement, 
and higher oxidation efficiencies. 
Efficiencies as high as 80% were 
obtained with 0.025 M sodium sul- 
fite original concentration. 


Absorption in the Atomization Zone 
Compared with Over-all Absorption. 
It is of interest to compare with 
the over-all absorption the absorp- 
tion that occurs in the very short 
time in the atomization zone up to 
1 in. from liquid injection. In this 
way the effectiveness of the unique 
feature of the venturi atomizer 
can be determined for gas absorp- 
tion. The remainder of the appara- 
tus other than the atomization zone 
resembles a spray chamber. If the 
atomization zone does not accom- 
plish a large share of the absorp- 
tion, there is little point in using 
the venturi atomizer. Table 1 gives 
representative ratios of the absorp- 
tion at 1 in. from injection to the 
over-all absorption. It is not pos- 
sible to calculate the relative times, 
because of the unknown accelera- 
tien characteristics of the liquid 
particles and because of ultimate 
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wall impingement, but there is cer- 
tainly a factor of at least two hun- 
dred between the over-all time and 
that up to 1 in. In the case of the 
absorption of oxygen by pure wa- 
ter 75% of saturation was reached 
within 1 in. of liquid injection. For 
oxygen absorption into sodium sul- 
fite solutions, from 30 to 70% of 
the .total absorption occurs in the 
atomization zone. The solutions 
with lower initial concentrations 
give a higher proportion of oxida- 
tion in the atomization zone, be- 
cause of the approach to complete 
oxidation in the atomization zone 
by the dilute solutions. 

For nitrogen dioxide absorption, 
the atomization zone contributes 
much less to the total absorption. 
In general, less than 10% of the 
total absorption occurs within 1 in. 
of the liquid injection; thus, the 
unique characteristics of the ven- 
turi are of little use in nitrogen 
dioxide absorption. In sulfur di- 
oxide—oxygen absorption the atomi- 
zation zone is again significant. 
From 50 to 90% of the total oxy- 
gen is absorbed within 1 in., and 
from 30 to 50% of the sulfur di- 
oxide is absorbed in the same re- 
gion. It is interesting to note that 
in the atomization zone a greater 
proportion of oxygen is absorbed 
than of sulfur dioxide. This indi- 
cates the value of the venturi for 
the absorption of slightly soluble 
gases. 


ABSORPTION IN THE FRITTED- 

GLASS DISPERSER 

The fritted-glass disperser was 
studied as another means of obtain- 
ing phase dispersion and large in- 
terfacial absorption area. The high 
recovery efficiencies for nitrogen 
dioxide with this device indicate 
possible industrial applications in 
place of the conventional bubble- 
cap trays. The unique feature of 
the fritted-glass absorber is the 
high rate of gas absorption during 
bubble formation. 

In the absorption of nitrogen 
dioxide from a gas containing 2.7% 
nitrogen dioxide in the fritted- 
glass disperser, an eightfold de- 
crease in liquid volume causes only 
a 10% decrease in the amount of 
nitrogen dioxide absorbed in a 2-hr. 
period, as shown in Figure 8. This 
decrease is caused in part by the 
higher concentrations of acid in 
the smaller liquid volume. Thus 
most of the nitrogen dioxide ab- 
sorption occurs during the bubble 
formation in or near the fritted- 
glass surface. Only a small portion 
occurs as the bubbles rise through 
the liquid. The rate of absorption 
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of nitrogen dioxide is nearly con- 
stant when air is the diluent, as 
shown in Figure 9. An increase in 
air rate decreases the recovery ef- 
ficiency only slightly. A fourfold 
increase from 0.05 to 0.2 cu.ft./ 
min. reduces the recovery efficiency 
by only 2%, as shown in Figure 10, 
and yet allows only one fourth the 
contact time for the gas within the 
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fritted glass. The substitution of 
pure oxygen for air improves the 
recovery of nitrogen dioxide in a 
2-hr. period by 6%. Absorption of 
nitrogen dioxide with nitrogen as 
the diluent is 18% less than with 
air. Thus oxidation has some in- 
fluence on absorption but is not the 
controlling factor. 

The recovery efficiencies for ni- 
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trogen dioxide in the fritted-glass 
absorber, shown in Figure 11, are 
substantially higher than those for 
a bubble-cap column at atmospheric 
pressure, as reported by Peters(6). 
The efficiency decreases from 90% 
at a gas composition of 10% nitro- 
gen dioxide in air to 89% at 3% 
nitrogen dioxide and then falls off 
to 80% at 1% nitrogen dioxide. 
This decrease with concentration 
agrees with the theory proposed by 
Peters(6). The high concentrations 
of nitrous acid found here were not 
found in the bubble-cap column. 
About 20% of the total acid was in 
the form of nitrous acid, but in the 
bubble-cap column the concentra- 
tion of nitrous acid was negligible. 
With nitrogen as the diluent gas, 
the same concentration of nitrous 
acid was found. The decrease in 
efficiency at higher gas concentra- 
tions with nitrogen as the diluent, 
as shown in Figure 11, is not read- 
ily explained. It may be caused in 
part by a greater build-up of ni- 
trous acid which retards the reac- 
tion of nitrogen dioxide with water. 
This would also explain the sub- 
stantially lower recovery efficiencies 
when nitrogen is the diluent in- 
stead of air. There was no dif- 
ference between nitrogen and air 
in the bubble-cap column. 

The differences between the 
fritted-glass absorber and _ the 
bubble-cap column may be ex- 
plained on the basis of gas- and 
liquid-film reactions. Peters made 
a theoretical analysis of the kinet- 
ics of the bubble-cap absorber, as- 
suming that chemical reactions 
controlled, and concluded that the 
gas-film reaction predominates. The 
nitrogen dioxide reacts in the gas 
film with water vapor and oxygen 
and gives nitric acid and some ni- 
trous acid. The nitric acid con- 
denses into a mist and diffuses into 
the liquid. Any nitrous acid formed 
may decompose and react with oxy- 
gen; a small portion may diffuse 
into the liquid. This nitrous acid 
and any formed in solution will be 
oxidized by dissolved oxygen so 
that the nitrous acid concentration 
in the liquid is negligible. 

In the fritted-glass absorber, on 
the other hand, because of the 
greater interfacial area and more 
complete contact of the gas with 
the liquid, the rate of absorption of 
nitrogen dioxide is greater; there- 
fore the liquid-film reactions are 
more important. Nitric and nitrous 
acids form in the liquid phase, and 
oxygen must be absorbed to oxidize 
the nitrous acid. Decomposition of 
nitrous acid is slower in the liquid 
phase than in the gas phase, and 
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the concentration of nitrous acid 
remains at a high value. 

The higher over-all rate of ab- 
sorption of nitrogen dioxide in the 
fritted-glass absorber compared 
with that in the bubble-cap column 
can be attributed to the more rapid 
reaction of nitrogen dioxide in the 
liquid phase compared with that in 
the gas phase. 


Effect of Liquid-Phase Additives on 
Nitrogen Dioxide Absorption. Catalysts 
or inhibitors for nitrous acid de- 
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composition, as well as oxidation 
catalysts, have no appreciable effect 
on the over-all acid content or ni- 
trogen dioxide recovery. There isa 
slight effect on the nitrous acid 
concentration, as shown in Figure 
12. Boric acid and potassium ni- 
trate were used as the catalysts 
for nitrous acid decomposition(4). 
Manganous sulfate is an oxidation 
catalyst and phenol is both an oxi- 
dation and decomposition inhibitor. 
In the presence of these agents the 
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total acid curves are essentially the 
same as in their absence. The ni- 
trous acid concentration is lower in 
the presence of the catalysts ana 
higher in the presence of phenol, as 
expected. Thus, although a catalyst 
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Fic. 13. EFFECT OF ACID CONCENTRA- 
TION ON RECOVERY EFFICIENCY FOR 
NITROGEN DIOXIDE AT VARIOUS GAS 
COMPOSITIONS IN THE FRITTED-GLASS 
DISPERSER; GAS RATE, 0.05 CU.FT/ 
MIN. 
has some effect on the nitrous acid 
content of the solution, it has no 
effect on the total acid content or 
over-all recovery of nitrogen di- 
oxide from air mixtures. With 
nitrogen as a diluent, however, the 
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decomposition and oxidation of ni- 
trous acid does have an effect on 
the over-all recovery. Above a criti- 
cal minimum rate the decomposi- 
tion of nitrous acid apparently does 
not influence the over-all recovery 
of nitrogen dioxide from dilute 
gases in the fritted-glass disperser. 


Effect of Nitric Acid Concentration on 
Nitrogen Dioxide Recovery. As the ni- 
tric acid concentration of the solu- 
tion increases, the reversibility of 
the reactions of nitrogen dioxide 
with water becomes important, un- 
til, at 15.4 M (69.6%) nitric acid, 
the rate of the forward reaction 
[Equation (3)] becomes insignifi- 
cant compared with the reverse 
reaction, and no more nitrogen 
dioxide reacts with water at at- 
mospheric pressure. The recovery 
efficiency thus becomes zero in 15.4 
M nitric acid. This was verified 
experimentally, and the curves of 
Figure 13 show the decrease in 
recovery efficiency with acid con- 
centration in the fritted-glass ab- 
sorber. These efficiency data were 
used to calculate an over-all effi- 
ciency for a multistage absorber by 
the method of Sherwood and Pig- 
ford(7). For a four-stage counter- 
current fritted-glass absorber with 
10% nitrogen dioxide gas entering 
at the bottom of the tower and 
water entering at the top, assum- 
ing that all the nitric oxide is oxi- 
dized between stages, the over-all 
recovery efficiency for nitrogen di- 
oxide is 99.7%. If the entering gas 
is 1% nitrogen dioxide, the over-all 
efficiency is 98.6%. With 30% acid 
entering at the top and 10% nitro- 
gen dioxide in the gas, the over-all 
efficiency is 96.9%. These efficien- 
cies are higher than those reported 
for bubble-cap columns at atmos- 
pheric pressure. 


Other Reactions. In the absence of 
a catalyst in the absorption of 2 to 
17% sulfur dioxide from air, the 
oxidation in solution is not rapid 
enough to prevent build-up of sul- 
fur dioxide to the saturation point 
where no more sulfur dioxide is 
absorbed. At higher concentrations 
of sulfur dioxide in the gas, satura- 
tion is reached more readily. When 
an oxidation catalyst is present, the 
build-up is less pronounced. Previ- 
ous work at very low sulfur dioxide 
concentrations (0.325%) in the gas 
showed that the catalyzed oxidation 
of sulfur dioxide is sufficiently rap- 
id to prevent any build-up in solu- 
tion. 

The absorption of nitrogen di- 
oxide by a solution containing an 
excess of sodium hydroxide over 
the amount necessary to react with 
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all the nitrogen dioxide supplied in 
a 2-hr. period resulted in 100% 
recovery. The gas rate was 0.05 
cu.ft./min. and the composition was 
5.8% nitrogen dioxide. Chambers 
and Sherwood found a decrease in 
absorption by sodium hydroxide so- 
lutions in a wetted-wall column 
compared with absorption by pure 
water(2). In such a device the gas- 
film reaction predominates and the 
sodium hydroxide in solution low- 
ers the vapor pressure of water. In 
the fritted-glass absorber’ the 
liquid-film reaction predominates 
because of the high interfacial area 
available for absorption. 

COMPARISON OF THE VENTURI 


ATOMIZER AND THE FRITTED- 
GLASS DISPERSER 


The two methods of gas-liquid 
contact used in this work cannot 
be compared in all respects. The 
initial rate of absorption is higher 
in the venturi atomizer, but the 
time of contact during which high 
absorption rates exist is much 
greater for the fritted-glass dis- 
perser. The over-all contact of the 
gas with the liquid is better in the 
disperser; consequently it is more 
effective for the recovery of a con- 
stituent from the gas phase. The 
shorter contact time in the venturi 
atomizer may be advantageous in 
a case where it is desired to stop a 
specific reaction after a short time. 
The use of a fritted disperser for 
nitrogen dioxide absorption ap- 
pears to be promising. 

Further work is planned on other 
fritted materials suitable for com- 
mercial absorbers of this type, such 
as sintered stainless steel. While 
the studies reported here were all 
made at atmospheric pressure, even 
higher recovery efficiencies for ni- 
trogen dioxide would be expected 
at elevated pressures. 
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DEVELOPMENT OF AN EQUATION 
OF STATE FOR GASES 


JOSEPH J. MARTIN and YU-CHUN HOU 
University of Michigan, Ann Arbor, Michigan 


I. Pressure- Volume-Temperature Behavior of Pure Gases and Liquids 


More than a hundred equations 
of state relating the pressure, vol- 
ume, and temperature of gases 
have.been proposed according to 
Dodge(7), but only a very few of 
them have attained any practical 
importance as the majority do not 
represent the data with sufficient 
accuracy. In this work the signifi- 
cant pressure-volume-temperature 
(hereafter referred to as PVT) 
characteristics of pure gases have 
been examined in detail, and an 
equation has been developed to fit 
precisely the characteristics com- 
mon to different gases. 

PVT data may be plotted on dif- 
ferent types of graphs, of which 
probably the oldest is that of pres- 
sure vs. volume with temperature 
as a parameter, as shown in Fig- 
ure 1. From this graph van der 
Waals deduced two properties of 
the critical isotherm namely, that 
at the critical point the slope is 
zero and an inflection occurs.* Van 
der Waals expressed these two 
properties algebraically in the fol- 
lowing well-known manner: 


(dP/dV)7=0 at the critical point 
(1) 


=0 at the critical point 


(2) 


where P is pressure, V is volume, 
and T is temperature, as indicated 
above. Van der Waals employed 
these two conditions to evaluate 
the two arbitrary constants in the 
equation of state he proposed. 

A number of other two-constant 
(exclusive of the gas constant) 
equations of state have been pro- 
posed, the best known being those 
of Berthelot and Dieterici. None of 
them, however, actually represent 
the PVT data over a wide range 

*Some investigations (13) indicate that the 
critical isotherm is not the smoothly inflected 
curve shown in Figure 1. This result seems to 
be attributed to the indefiniteness of the 


critical state and possibly to the lack of 
attainment of true equilibrium. 
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with any great degree of precision 
and not one of them is considered 
suitable for the calculation of ac- 
curate thermodynamic diagrams. 
This ‘does’ not imply, however, that 
these two-constant equations ‘have 
not been extremely useful. Van der 
Waals’ equation was of the greatest 
value in leading to the principle of 
corresponding states. 


In one form the corresponding- 
state principle suggests that the 
compressibility factor, z= PV/RT, 
depends only on the reduced tem- 
perature and pressure, which: are 
defined respectively as T,=T/T, 
and P,=P/P,. On a generalized 
compressibility chart for many dif- 
ferent compounds single average 
lines are drawn for each isotherm; 
however, to demonstrate that the 
principle is approximate, Figure 2 
has been constructed to emphasize 
the differences which actually exist 
among compounds. 


From the compressibility chart 
it is noted that all gases follow the 
ideal-gas law as the pressure ap- 
proaches zero, regardless of the 
temperature. This may be expressed 
as 


Z=PV/RT=1at P=0for all 


temperatures (3) 


With any isotherm taken at 
P.=0, Z.=1.0, 
(dZ/dP,)7, = lim (Z—1)/(P,-—0) 
as P,—>0 
= lim RT (Z — 1)/RTP, 
as P,—> 0 
=(P./RT) lim(ZRT/P—RT/P) (5) 
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A curious corollary of 
this is the seemingly 
contradictory fact that 
in general V does not 
By definition of a de- 

rivative at any point \ 
(P,,Z,) on the com- 
pressibility chart, 
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| or fronby definition Z = PV/RT, or 


ZRT/P = V, (dZ/dP,)1, = 
(P./RT) lim (V—RT/P) as is —>0 
= —(P./RT) (a)r,—>0 (6) 


where « is defined as the residual 
volume, (RT/P-V). 
If Equation (6) is rewritten, 


at 0 pressure a 
= —(RT/P.) dZ/aP,)7,- \7) 


which relates « to the slope of an 
isotherm on the compressibility 
chart. Since in general this slope 
is not zero at zero pressure, « is a 
finite quantity. The one isotherm 
for which the slope is zero is known 
as the Boyle point. 

Most generalized compressibilty 
charts show the Boyle point occur- 
ring at a T,. of about 2.5. This is 
probably true only for such com- 
pounds as nitrogen, carbon mon- 
oxide, and methane, which were 
considered in making the plots. 
These compounds all have critical 
temperatures of approximately the 
same magnitude. For hydrogen 
with a much lower critical tempera- 
ture the data indicate that the 
Boyle point is around a T, of 3.3. 
For compounds with higher critical 
temperatures there are no experi- 
mental data at the required high 
temperatures. However, by extra- 
polation of the experimental data 
on isometric plots (see Figure 6), 
it appears that the Boyle-point re- 
duced temperature goes down as 
the critical temperature goes up 
and that’ many compounds have 
Boyle points much lower than a 
T, of 2.5. Figure 3 is a plot of the 
Boyle point vs. critical tempera- 
ture, prepared by consideration of 
the measured points wherever pos- 
sible and utilization of extrapola- 
tions to higher temperatures where 
necessary, as just mentioned. 

A characteristic of gas behavior 
noted on both the compressibility 
chart and the pressure-volume plot 
is the straightness of the critical 
isotherm for a considerable range 
on either side of the critical point. 
The length of the straight portion 


‘indicates the possibility that deriva- 


tives of pressure with respect to 
volume higher than the two of van 
der Waals may be zero or at least 
very small. Examination of experi- 


‘mental data to prove whether any 
derivatives higher than the second 
-are zero is difficult, since the data 
are often not too accurate. The 
‘higher derivatives cannot be as- 
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sumed indiscriminately either, or 
the essential inflection at the criti- 
cal point may not be preserved. 

In Figure 4 the necessary impli- 
cations of the assumption that the 
third derivative is zero are con- 
sidered. In Figure 4d four possible 
curves have been drawn, all of 
which go through zero according to 
the assumption. If the true situa- 
tion is similar to curve I, the fourth 
derivative must be positive, as 
shown in Figure 4e; the second. 
derivative will pass through a 
minimum, as shown in Figure 4c; 
the first derivative will have an 
inflection, as shown in Figure 4b; 
and the primary pressure vs. vol- 
ume curve will exhibit a minimum, 
as shown in Figure 4a. .As the 
primary curve must show an in- 
flection, it is obvious that curve I 
cannot be correct. A similar analy- 
sis of curves II and III, shows 
that they cannot be ‘used; however, 
curve III, does give the required 
character of the pressure vs. vol- 
ume curve and therefore one con- 
cludes that if the third derivative 
is assumed to vanish, then the 
fourth must also vanish, as shown 
in Figure 4e, and the fifth must be 
negative or zero, as shown in Fig- 
ure 4f. 

Another assumption which can 
be made-is that the fourth deriva- 
tive vanishes while the third re- 
mains. An analysis similar to that 
above shows that for this case the 
third derivative must be negative 
in order to preserve the correct 
inflection at‘the critical point. The 
hypothesis which is advanced here 
is that in addition to the vanishing 
of the first two derivatives, as sug- 
gested by van der Waals, the third 
derivative is either zero or a small 
negative number and the fourth 
derivative is zero. Assumptions re- 
garding the derivatives higher than 
the fourth might be made, but 
these derivatives would have much 
smaller effects. In current studies 
the fifth and sixth derivatives are 
being given some attention. 

Another characteristic of gas be- 
havior noted on the compressibility 
chart is that for compounds with 
different values of Z,(PV/RT at 
the critical point) lines which con- 
nect the critical point to the point 
Z=1.0, P,=0 ‘are tangent. to 
isotherms whose reduced tempera- 
ture is about 0.8. Algebraically 
this condition is 


(dZ/dP,)T; (1 Z.) 


at T’ ~0.8T. (8) 


The meager data available indi- 
cate that T’ varies slightly from 
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0.8 according to the value of Z,. 
Figure 5 is a plot of the relation 
between 7" and Z,, and it is seen 
that were it not for the low Z, of 
water, it would be difficult to draw 
any curve. Of course, there are 
other compounds with low Z,’s, but 
their data at a T, of 0.8 are insuf- 
ficient to warrant their use. 

There are other characteristics 
of gas behavior indicated on the 
compressibility chart that seem to 
he of lesser importance than those 
previously mentioned. Some _iso- 
~herms not only go through a mini- 
mum point but also exhibit inflec- 
tions, notably those between a T, 
of 1.0 and about 1.3. Isotherms 
above the Boyle point are almost 
straight. The compressibility fac- 
tor is approximately 1.1 to 1.2 for 
all isotherms at a reduced pressure 
of about 10. Although these con- 
ditions are not utilized in this pa- 
per for the obtaining of an equa- 
tion of state, they have been given 
some consideration. 

Another important diagram of 
PYT data is the pressure-tempera- 
‘ure (isometric) plot shown in 
Figure 6. The most important fact 
noted here is that the isometrics 
are almost straight. In fact there 
are three places where the lines 
can be considered straight: one is 
for large volumes at low pressures, 
another is for the critical volume, 
and the third is for all volumes at 
high temperatures. The’ three con- 
ditions can be expressed as 


(d’P/dT’)y = 0asP—+0 . (9) 


(d’P/dT’)y = Oat V = V. (10) 
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(d’P/dT’)y = Ofor high T (11) 


Also the isometrics below the 
critical density curve down, and 
those above the critical density 
curve up.* These conditions are 
given by the equations 


/dT’)y <OatV > V~ (12) 


and 
(d’P/dT’)y > OatV (13) 


A final observation on the iso- 
metric chart is that the slope of 
the vapor-pressure curve at the 
critical point is identical with the 
slope of the critical-density iso- 
metric. The experimental verifica 
tion of this fact is difficult because 
the slope of the vapor-pressure 
curve is changing very rapidly. 
Usually the slope obtained by dif- 
ferentiating a vapor-pressure equa- 
tion at the critical point is slightly 
less than the slope of the critical 
isometric. This may be attributed 
to the fact that in many cases the 
vapor-pressure equation may not 
reflect the slight upward curvature 
of the vapor-pressure curve on a 
log P vs. 1/T plot in the region 
near the critical, as emphasized by 
Thodos(23). Also the critical vol- 
ume is difficult to determine ac- 
curately, and any error in its value 


*Data on hydrogen indicate that the isometrics 
above the critical density may curve up for a 
while, but at the highest reduced temperatures 
they start to curve down. Since these high re- 
duced temperatures are not encountered with 
other compounds, the negative curvature of all 
isometrics at such high temperatures is not im- 
portant. Also at very high densities indications 
are that all isometrics curve down for all re- 
duced temperatures. This means that at some 
very high density the isometrics for moderate 
temperatures are straight. 
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would result in an error in its 
slope. From a thermodynamic point 
of view, the equality of the slope 
of the vapor-pressure curve and 
the critical isometric has been 
justified by the following analysis. 
From the Clapeyron equation the 
slope of the vapor-pressure curve 
is dP/dT = AS/AV at any tempera- 
ture. At the critical point AS/AV 
becomes (dS/dV),7, but from the 
Maxwell relation this is (dP/dT)v.. 
Therefore, the vapor pressure slope 
dP/dT = (dP/dT)v., which is the 
desired equality. 

Another important graph is the 
reduced-vapor-pressure plot of log 
P, vs. 1/T,, as shown in Figure 7. 
The different curves are for a num- 
ber of different compounds. Im- 
plication of the plot is that if two 
compounds fall on the same curve 
at any point, they tend to lie to- 
gether over the whole range of 
temperature. The plot is extremely 
useful in filling in unexplored 
ranges of vapor pressure, provided 
that the critical temperature and 
pressure and one other point on 
tthe vapor-pressure curve are 
known. The plot is also useful for 
predicting the slope of the vapor- 
pressure curve at the critical point. 
Each curve approaches the critical 
point (T,=1,P,=1) with a 
unique slope, d log P,/d(1/T,). 
This is called M and is designated 
on each curve. If a compound is 
known to follow one of the curves, 
then M is known. From this (dP/ 
dT)v. may be obtained as follows: 


dP,/P, = — MdT,/T; (14) 


from the definition of M. Since P, 
and T, are both 1, 
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o. from the definitions of P, and T,, 
(dP/dT)y =m (16) 


This fact is of great value because 
it means that vapor pressure de- 
termines the PVT behavior along 
the critical isometric. 

A study of the interdependency 
of the characteristic properties of 
gases, as here presented, has led 
to a consideration of the minimum 
number of conditions or facts 
necessary to characterize the PVT 
behavior of any given compound. 
A new hypothesis is advanced that 
four properties are necessary to 
give the complete characterization 
for any compound. These are the 
critical temperature, critical pres- 


sure, critical volume, and one point 
on the vapor-pressure curve. The 
one point on the vapor-pressure 
curve determines the slope m of 
the critical isometric, as given 
above. Mathematically this hypoth- 
esis is written as 


S(P, V, T, Pe, Te, Veym) = 0 (17) 
or in terms of Z,, 
S(P, V, T, P., T-, Z-,m) = 0 (18) 


If this hypothesis is compared with 
previous work, it is seen that it is 
not so simple as van der Waals’, 
which states that the compressi- 
bility is dependent only upon the 
critical temperature and pressure, 
or as that which says that the 


II. Derivation of the Equation 


Although there have been a num- 
ber of attempts to develop an equa- 
tion of state from kinetic theory 
and statistical mechanics, only 
token results have been obtained 
to date. The important practical 
equations which are in use teday, 
such as the Benedict, Webb, and 
Rubin(5) and the Beattie and 
Bridgeman(1), are empirical. The 
equation about to be developed is 
also empirical; however, it is be- 
lieved that this equation fits more 
of the known behavior characteris- 
tics of gases than does any previous 
equation. 

The form of equation represent- 
ing empirically the PVT behavior 
is chosen so that the data are rep- 
resented as nearly as possible with- 
in the precision of the experiment. 
The equation should also be reason- 
ably simple in order to be useful in 
thermodynamic calculations. Obvi- 
ously, more terms may be put into 
an equation to get better agree- 
ment with the data, but complexity 
is the penalty. In this study various 
polynomial and exponential equa- 
tions were considered. In view of 
the fact that it is the derivatives 
of pressure which are given by the 
van der Waals analysis and that 
pressure is almost a linear func- 
tion of temperature at constant 
volume, equations explicit in pres- 
sure were preferred. 

Because of its symmetry and the 
ease of differentiation and integra- 
tion, the following equation was 
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chosen over the others: 
P = f,/(V—b) + f2/(V—b)"+ 
fo/(V—b)’+ fa/(V —b)*+ 
fs/(V—b)° (19) 


where f’s are functions of tempera- 
ture and b is a constant. 

In choosing the temperature 
functions for Equation (19), one 
first considers the character of the 
isometrics of Figure 6. Since these 
are straight at the high-tempera- 
ture ends and curve only at the 
low ends near the saturation curve, 
any equation to represent the iso- 
metrics must become linear at high 
temperatures. Beattie and Bridge- 
man(1) suggested the form 


P=A+BT+C/T (20) 


where A, B, and C are functions 
of volume. Benedict, Webb, and 
Rubin employed the same form. 
The last term, which is the curva- 
ture term, was considered care- 
fully in the more general form 
C/T". It was found that to repre- 
sent the experimental data for 
many different compounds » varied 
from about 2 to 5, depending large- 
ly upon the critical temperature of 
the substance in question. For most 
compounds with critical tempera- 
tures near room temperature ” was 
about 3, and for compounds with 
high critical temperatures, such as 
water, n was about 5. In view of 
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critical temperature, pressure, and 
volume determine the compressi- 
bility; however, accurate data show 
that neither of these latter hypoth- 
eses is correct. 

It is the primary objective of 
this work to develop an equation 
which will represent the function 
implied by Equations (17) and 
(18). One might also develop 
graphical representations of those 
equations, which could be in the 
form of compressibility plots (Z 
vs. P, with T, as a parameter) for 
various values of Z,, T,, and M. 
Probably a number of plots would 
be required to cover the widest 
ranges, but such plots might prove 
sufficiently useful to justify their 
preparation. Part II considers only 
the equation and not the graphs. 


this variation, a different form of 
equation was selected: 
P=A+BT+Ce (21) 
Equation (21) was found to repre- 
sent the curvature of isometrics of 
many different compounds with 
only one value of k, this value 
being 5.475. (This could be rounded 
off, but as with other constants will 
be carried to preserve internal con- 
sistency.) If Equation (21) is com- 
pared with Equation (19), it is 
seen that the temperature func- 
tions, f, to f;, must be of the form 
—5A475T/T; 


fi =Ai+ BiT + Cre 


—5.475T/T, 


fe = Ar+ B:T + Cre 


ete. (22) 
where A,, B,, C,, Ag, etc., are con- 
stants which may be finite or zero. 
Thus, with the selection of the 
complete form of the equation of 
state through Equations (19) and 
(22), the problem now is to find 
a method of evaluating the con- 
stants. 

By virtue of the hypothesis given 
in Part I that the PVT behavior 
of a given compound depends only 
upon P,, T., V., and m, one must 
have recourse to the general proper- 
ties of gas behavior to see just 
how many arbitrary constants can 
be determined. The general proper- 
ties to be used are restated in the 
following summary: 
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PV =RTasP—>0 
(dP/dV)r = Oat critical (24) 
(d’P/dV’) = Oat critical (25) 
Oat critical (26) 
= 0 at critical (27) 

[(dZ = — (1—Z,) 
(28) 


(dZ, = 0 at Boyle- 


point temperature Tz, (29) 


(d°P/dT” y = OatV = V. (30) 


(dP/dT)y =m = — MP./T. 
at V = V- (31) 


By use of the foregoing nine 
conditions plus the PVT relation 
at the critical point (since P,, T,, 
and V, are to be given) determina- 
tion of an equation of state with 
ten arbitrary constants might be 
expected. Equation (26) however 
is not determinate as it stands, 
and so a total of only nine con- 
stants can be obtained from the 
conditions listed. 

Equation (23) is utilized by 
multiplying through Equation (19) 
by V-b and letting P approach zero 
while V, and therefore V-b, ap- 
proaches infinity: 
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=fiasP—+0 (32) 

and in the light of Equation (23), 

fi = RT (33) 

The equation of state now becomes 
P = RT/(V—b) + f2/(V—b)*+ 

+ fa/(V—b)* +fo/(V—b)° 


(34) 
Next. -are employed the four de- 
rivative conditions, (24) to (27), 
and the condition that the equa- 
tion of state must be satisfied at 
the critical point. There are five 
equations containing five unknowns, 
f(T.) through f;(T,), and 6b, 
where f(7,) means the tempera- 
ture function evaluated at the criti- 
cal temperature. However, Equa- 
tion (26) cannot be used directly 
until the inequality is removed. 
The solution of the remaining four 
equations in terms of b is 


fo(T.) 


(35) 
fs(T.) = 54RTAV. — 
17P.(V.—b)* (36) 
f(T.) = 12P, 
3.4RT.(V.—b)° (37) 
fs(T.) = O.8RT. (V.—b)*— 
3P.(V.—b)” (38) 
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If (dP/dV*)» in Equation (26) 
is assumed to be zero, Equations 
(35) through (38) may be substi- 
tuted into Equation (26) to de- 
termine b as* 


b=V.—3RT./15P. (39) 
or in terms of Z,, 


The equation of state is now de- 
termined along the critical iso- 
therm; however, a comparison of 
the equation with the data for a 
number of different gases showed 
that the equation predicted pres- 
sures too high for volumes greater 
than the critical volume. Previous 
comparisons using only the two 
van der Waals derivatives and a 
correspondingly shorter equation 
of state (i.e, one terminating at 
f, and with b=0) showed that 
pressures in this region were pre- 
dicted too low. In another trial the 
third derivative condition was com- 
pletely neglected when an equation 
terminating with f,, but otherwise 
the same as Equation (19), was 
utilized. This implies that f; is 
arbitrarily set equal to zero; there- 
fore, from Equation (38), 


b= V. —4RT./15P. = Ve — 
AV ./15Ze (41) 


This assumption predicted jpres- 
sures too low; therefore, some in- 

*Sometime after working out the 
analysis of the derivatives at the 
critical point, it was found that Plank 
and Joffe(20,11) had studied equa- 
tions similar to Equation (19). They 
assumed five equal roots at the criti- 
cal point, which is the same as assum- 
ing the first four derivatives to be 
zero. This equality may be shown by 
considering the meaning of five equal 
roots at the critical point. Let P be a 
function of V, with five equal roots at 
the critical point. Then P=f(V) at 
T=T. and. P—P.=f(V)—P.. At 
P=P, the f(V)—P. must be zero, 
and because of .the equality of five 
roots this must be equivalent to an- 
other function F(V) set 
equal to zero or P—P. = F(V) (V— 
V.)°, where F'(V.) 0. Differentiating 
with respect to V gives 


dP/dV = 5(V—V.)'F (V) + 
(V—V.)° F’ (V) 


Since V=V,, this is zero. Carrying 
on three more differentiations will 
continue to give factors of V—V,, 
which will cause the derivatives to 
vanish, until one comes to the fifth 
derivative, where at least one term 
will not have V—V., ie., 120F(V). 
Then the derivative is not zero. 
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termediate value between Equa- 


—5.475T;, 


fe (T’) = Ae + BoT’ + 


ns tions (40) and (41) is required. fs = As + BsT + Cre (45) 
ti- For this purpose :let 
le- Can /Te _ 
b=V.— BV./15Z. (42) fr=As (46) 
RT’ Ze— ae, "(5 
9) where is a constant for a given — 
compound. It can be shown that 8 fs = BsT (47) From Equation (29) 
cannot be less than 3.0 or more [(dZ/dP,) pl r=r,, P,=0= 9, 
than 4.0. The problem of evaluating these and inserting this into Equation 
0) By trial with the data of anum- _ eight constants is now mathemati- (51) gives 
ber of different compounds along cal manipulation of the eight con- 
the critical temperature line, it was ditions. From Equation (46) f, is + BoT 
found that depended upon Z,. Use _a constant independent of tempera- 
of varying values of 8 permit- ture and directly. equal to A, 
ted very accurate representation of Therefore, from Equation (37), ; : 
4 the data up to densities about 1.5 
the As = 12 P. (V-—b)*—, = + BoT,+Cre (54) 
er 18 which gives 3 which is known by Equation (35) 
the riginal ten in terms of P,, T,, V,, and b, form 
fe conditions was used to evaluate f, Since Equation (47) sets f,= 4, Set of simultaneous equations 
us as RT and since one condition was = BT, fs(T,) = B;T, and from Equa- with three unknowns, A», Bo, and 
at indeterminate but. can be satisfied tion (38), C2. The solution of this set of 
+ by setting the magnitude of the ——— simultaneous equations is 
third pressure-volume derivative ‘ 
through the term §, there are eight [fe (T.)+bRT’ +(RT") (1—Z.)/Pe (Ta—T.)+1 fe (T-)+0RT (T.—T"’) 
perature functions fe to fs Each 419 9+475 —T’) { 5-475 Ble 
ve temperature function may contain 
* a maximum of three constants, A, (35) 
B, and C, and so a total of twelve ate 5 
constants must be fixed. In view of Bs = fs (Te)/T. = 0.8R (V-—b)s — B2=[—fz (T.) — bRT's — C2 


the eight conditions, four constants 
must be set equal to zero. As men- 


3P.(V. —b)°/T. (49) 


— 5.4757 p/T, 
(e 


tioned earlier, more conditions The derivation of the remainin 5 
might be utilized, in which case all six constants is a little more res 66) 
twelve constants might be finite. volved. Starting with Equation A2=f2(T.)—B:T.—Cze *™ 

) However, it has been found that (19), one multiplies through by (357) 


some constants are much less im- 
portant than others and that drop- 
ping four of them still leaves an 
equation which represents the data 
with a high order of accuracy. 

When the eight constants to re- 
main in the temperature functions 
were chosen, it was felt that the 
slope constants, B, and the inter- 
cept constants, A, were most im- 
portant, the curvature constants, C, 
being of less significance. In order 
to apply Equation (30), however, 
it is necessary that there be at 
least two C terms in the equation. 
The six constants left were divided 
equally between A’s and B’s. The 
following was decided upon as be- 
ing at least as good as any ot er 
arrangement: 


fi = RT (43) 


—5.475T 


fo = Az + BoT + Cre (44) 


*It will be noted on Figure 8 that 6 never 
exceeds a value of 3.35 for the gases which 
have been studied so far. One night wonder 
about the nature of the five root; of the equa- 
tion at the critical point for 6 ying between 
3.0 and 3.35, since for 6=3.0, it has been 
shown that the five roots are equal. Further 
analysis shows that there are three real equal 
roots and two complex roots for 6 greater 
‘than 3.0 and less than 3.5. 
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V—Db, substitutes PV =ZRT to 
eliminate variable V, and then dif- 
ferentiates partially with respect to 
pressure at constant temperature, 
to obtain 
(dZ/dP)7RT—b = {(ZRT-bP) 
foP(dZ/dP) RT /(ZRT—bP)' 
+ { (ZRT—bP) (2) — 2faP* 
[(dZ/dP)>RT—b] } /(ZRT—bP)’ 
{ (ZRT —bP) — 
[(dZ/dP) } /(ZRT—bP)' 
+ { (ZRT—bP) fsP* (4) — 4fsP* 
[(dZ/dP) } /ZRT-—bP)* 
(50) 
Since at P,=0, Z=1.0, Equation 
(50) simplifies to 
_ 


—bRT (51) 


Combining Equations (28) and 
(51) at T, = T/T, gives 
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Substituting Equations (43) to 
(47) into Equation (19), rearrang- 
ing in the form of Equation (21), 
and differentiating twice with re- 
spect to volume give, by use of 
Equation (30), 


C; = —C2 (V.—b) (58) 
Applying Equations (31) and (58) 
gives 


B;=m (V.— b)*—R(V.—b)* — 


Bz (V.—b) — Bs/(V.—b)” \59) 


From Equation (45), with T=T,, 
one obtains 


As =f, (T.) 
(60) 
This now completes the solution 
for all the constants in the equa- 
tion of state. If the critical tem- 
perature, critical pressure, critical 
volume, and one point on the vapor- 
pressure curve are known for a 
given compound, appropriate 
graphs will give slope m of the 
critical isometric; the Boyle point, 
the T’ point (about 0.8T7,); 
and $, the determinant of the value 
of the third derivative of pressure 
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6) 


with respect to volume at the 
critical point. 

When gases were chosen to test 
the new equation, two considera- 
tions were paramount: first, the 
PVT data for any gas had to be 


III. Application and Discussion of the Equation 


In the two foregoing parts of 
this paper PVT behavior of gases 
is considered in some detail and 
appropriate algebraic equations are 
given to represent that behavior. 
A new hypothesis is stated concern- 
ing the minimum amount of in- 
formation necessary to characterize 
any given gas and an equation of 
state with nine constants is de- 
veloped which requires only the 
minimum information according to 
the hypothesis for evaluation of 
the constants. This equation has 
been applied to seven different 


fairly complete and accurate, and, 
second, the gases had to be as 
different as possible. Seven gases 
have been studied so far, and it is 
felt that the selection of CO., H.O, 
No, H.S, and C3H, is 


The points which are compared 
in these tables have been selected 
at places where the equation would 
represent the data least well. It is 
probable that the average deviation 
for the equation if compared at 
regularly spaced intervals over all 
ranges of temperature and pressure 
would be less than the average of 
the deviations listed in the tables. 
which is about 0.4%. 

The precision of experimental 
data was important in the equation 
of state at almost every turn in its 
development. Jt was necessary in 


sufficiently broad to test the versa- 
tility of the equation. The applica- 
tion of this new equation of state 
will be discussed and the calculated 
results for the seven gases studied 
will be presented in Part III. 


The critical volume is the most un- 
reliable measurement, and it is not 
uncommon to find differences of 5% 
in this value. Naturally slope m in- 
herits any error in the determina- 
tion of critical volume when fitting 
the equation to specific data is at- 
tempted. 

The procedures used in develop- 
ing the equation of state might 
well be of value in helping to de- 
termine a better value of critical 
volume. Usually this value is not 
measured experimentally but is de- 
termined by a rectilinear diameter 


TABLE 1.—CONSTANTS EVALUATED FOR THE EQUATION 


Co, H,0 
547.5°R 1165.1°R. 
1069.4 Ib. 32062 Ib. 
sq. in. sq. in. 
0.03454 cu. tt 0.0503 cu. ft. 
Ib. Ib. 
A 0.27671 0.23246 
m 14.0 22.6 
B 3.25 3.05 
Ta/T, 2.3 2.1 
T'/T, 0.80 0.83 
b 0.007495 0.0063101 
R 0.24381 0.59545 
A: —8.9273631 —85.7394396 
B, 0.005262476 0.0312961744 
C; — 150.97587 —2590.5815 
A; 0.18907819 3.09248249 
B; —0.0000704617 —0.00082418321 
C; +0.0831424 113.95968 
Ay —0.002112459 —0.0567185967 
Bs 1.9565593 x 4.2388378 x 10-7 


N2 C;He H.S C;Hs 
562.66°K. 126.1°K. 364.92°K. 672.4°R. 666°R. 
48.7 atm. 33.5 atm. 45.61 atm. 1,306.0 _b._ 618 tb. 
sq. in. sq. in. 

3.36 90.1 0.191 liter/ 1.565 cu.ft. 3.220 cu. ft. 

g. g. mole g. mole Ib. mole Ib. mole 
0.27683 0.29171 0.290932 0.28329 0.278465 
0.625 1.647 0.81 12.8 6.47 
3.25 3.25 3.25 
0.80 0.79 0.791 0.794 0.799 
0.730231 22.1466* 0.0487575 0.368095 0.714598 
1.05052 82.055 0.082055 10.73 10.73 
—4104.138 — 1592238.2 — 10.2233898 —21206.0776 —44105.1544 
2.62510 3,221.616 0.0081804454 9.7631723 21.127023 
—59333.234 — 22,350,930 —153.061055 —318,608.803 —736,929.321 
8553.304 89,845,367 1.219453756 21133.013 88,025.6002 
—3.89165685 — 134,024.05 0.00074168283 —7.41557245 —28.1649342 
156032.7 1,518,821,653 21.7717909 381,344.629 1,846,304.2 
—8599.2791 —2,467,297,480 —0.068940713 —9897.9772 —89,907.6635 
7.53651 244,915,183 5.0385878 X10-§ 3.3036675 63.416365 


All the constants for the equation of state are given in units of 7,, P,, and V ,for that compound. 
* B for N:; could be 3.25 depending upon the manner by which the checked points on the critical isotherm are interpolated from exper- 


mental data reported. 


gases within a maximum error of 
1%, and usually much less, for 
densities up to about 1.5 times the 
critical density.* Table 1 gives the 
constants that were calculated from 
the required P,, T, V,, and m in- 
formation for each of the gases. 
Tables have been made of compari- 
sons of the pressures predicted 
from the equation of state with the 
experimentally measured pressures 
reported in the literature. 


Many cases to decide which data 
points of different investigators 
and which data points in different 
ranges were the most reliable, an 
especially necessary decision be- 
cause of the desire to hold the 
maximum deviation under 1%. 
Data taken in the region of the 
critical point are more inconsistent 
than those from anywhere else. 
This reflects the inherent experi- 
mental difficulties in this region. 


*Calculations performed after the writing 
of this paper indicate that at about one and 
one half times the critical density the equa- 
tion predicts too much curvature of the iso- 
metrics. It has been found that this may be 
improved by adding a Cs term to the equation 
and utilizing the condition stated in the first 
paper, that at some very high density (approxi- 
mately twice the critical density) the iso- 
metric is straight. With this condition the only 
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changes in the equations for the constants are 


A.I.Ch.E. Journal 


plot, wherein the mean saturated 
liquid and vapor density is extra- 
polated to the critical temperature, 
which has been determined by dis- 
ap,earance of the meniscus. An- 
other procedure which has been 
used is to determine the critical 
temperature as the lowest tempera- 
ture at which a measured pressure- 
volume line undergoes a smooth in- 
flection, the point of the inflection 
being the critical volume. These 


Cs = V.—b)*—C3(V.—b)* 


= 


Here n is approximately 2. 


June, 1955. 


| 
> 

| 


a- 
te 


procedures do not agree too well 
in many cases, and two alternatives 
are suggested here. First, one can 
plot the vapor-pressure data on 
Figure 7 to determine slope m. 
Then referring to the experimental 
data, he can establish the critical 
volume as that volume whose slope 
agrees with the m so selected. This, 
of course, means that he is relying 
on the inherent accuracy of the 
slopes of the generalized vapor- 
pressure curves. An alternative to 
this is to differentiate the vapor- 
pressure curve directly for the 
compound and use that slope m as 
the determining factor in picking 
the critical volume. However, as 
mentioned in the first paper, this 
must be done with care for often 
the slight increase in the slope of 
the vapor-pressure curve near the 
critical is overlooked. Second, one 
may fix the critical volume by fit- 
ting the data points on the critical 
isotherm as in step 5 in the pro- 
cedure, which will be described 
later, for obtaining an equation of 
state to fit data. When the best 
possible fit of the critical isotherm 
has been obtained by adjusting the 
critical volume and 8, one may say 
that the critical volume has been 
determined by analytical means. 
This is equivalent to fixing the 
critical volume by a study of 
graphs of the isotherms and noting 
the lowest temperature and point 
at which a pressure-volume line 
undergoes a smooth inflection. 

The Boyle-point temperature is 
worthy of further discussion in 
this work. In the estimation of 
Boyle points for most compounds, 
the procedure was simply to ex- 
trapolate a large volume isometric 
to the point where Z =PV/RT = 1. 
This has two drawbacks: first, the 
extrapolated isometric instead of 
being straight may have a slight 
negative curvature, which will be 
important when the extrapolation 
is carried over a wide range of 
temperature; second, the Boyle 
point should be determined at zero 
pressure. It is seen on the com- 
pressibility chart, however, that 
the Boyle-point isotherm follows 
Z=1 up to fairly appreciable pres- 
sures, so that the procedure seems 
justified. Furthermore, as the equa- 
tion is not very sensitive to the 
Boyle point except at high tempera- 
tures, it seems that Figure 3, which 
correlates these extrapolated Boyle 
points with the critical tempera- 
ture, is sufficiently accurate for 
most purposes. 

As better critical data become 
available, it is expected that some 
of the correlations will change. 


Vol. 1, No. 2 


Possibly new ones will be devel- 
oped; for example, even now there 
is a tendency for the reduced slope 
M of the critical isometric to be a 
function of Z,. Several compounds 
seem to fall out of line, but if 
future experimental work were to 
change some of the critical values 
for these compounds the correla- 
tion might be good. 

In general it is claimed that the 
equation reproduces the experi- 
mental data within 1% up to densi- 
ties of about 1.5 times the critical 
density and up to temperatures of 
about 1.5 times the critical tem- 
perature. At about 1.5 times the 
critical density the isotherms be- 
come so steep that a 1% error in 
volume may cause 5% or more 
error in pressure. Therefore, it is 
not to be expected that the equa- 
tion will predict closely above 1.5 
times the critical density. This 
region, which is really the com- 
pressed-liquid region, been 
given some consideration, and it is 
believed that to represent it proper- 
ly either the term b in the equation 
will have to become a function of 
volume or more terms will have to 
be added to the equation. That b 
might change with volume seems 
reasonable when one recalls that 
the b in van der Waals’ equation 
accounts for the effective volume 
of the molecules themselves, and 
the effective volume of the mole- 
cules might become smaller as the 
gas is compressed. This is, in fact, 
the direction of the necessary 
change in b to get agreement at 
very high densities, for the equa- 
tion at present tends to predict 
pressures too high. Decreasing b 
will increase the denominators of 
the higher power positive terms 
and thus decrease the pressure. 

An interesting application of the 
question is contemplated for mix- 
tures. Ordinarily when one wishes 
to get an equation of state for mix- 
tures, he averages the constants in 
the equation of state for the pure 
gases involved according to some 
method of averaging such as arith- 
metical mean or geometrical mean. 
This process may be applied to the 
proposed equation; however, an 
alternate process is permitted here. 
The fundamental constants that de- 
termine the equation, P,, T,, V,, 
and m, may be averaged at the 
start and the equation of state for 
the mixture determined by the 
same process as would be used for 
a pure component. It is expected 
to try this out in the near future. 

Comparison of this equation with 
other equations has been deliberate- 
ly avoided, largely because of the 
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misinterpretation of the term aver- 
age deviation. Although it may be 
generally accepted that the average 
deviation of the Beattie-Bridgeman 
and Benedict-Webb-Rubin equa- 
tions is 0.18 and 0.34% respectively 
(7,10), experience in applying the 
equations within the density limits 
claimed showed these values to be 
misleading, because deviations over 
1% were found in certain places. 
Therefore, this work did not try 
to compare different equations but 
tried to determine maximum errors 
between .he equation proposed and 
the data. 

This new equation is valuable 
when applied to a compound whose 
experimental data are limited to 
only the critical temperature, pres- 
sure, and volume and one point on 
the vapor-pressure curve. Table 2 
gives a summary of the formulas 
for evaluation of the constants in 
the equation of state, together with 
the procedure for application to any 
gas for which the P,, T,, V,, and 
m can be obtained. 

Another situation often arises 
when it is desired to fit an equation 
of state to a rather complete set of 
PVT data for a specific compound. 
The procedure of application can 
be modified. Of course, to start, 
one may obtain the equation by 
using only the P,, T., V,, and m; 
however, it is possible that a better 
fit may be obtained by utilizing all 
the data in the following procedure: 


1. Select the best values of P,, T,, 
V., as would be done when the gen- 
eralized equation, is developed. 

2. Calculate Z, and read off from 
Figure 8 a value of $/Z, or B= 
— 31.883Z?, + 20.533Z... 

3. Calculate the temperature func- 
tions along the critical isotherm, i.e., 
f,(T,), etc. 

4. With the equation established 
from 3, at the critical temperature 
calculate a series of pressures for dif- 
ferent densities along this isotherm. 
The maximum density to which this 
calculation should be carried should 
not exceed about 1.5 times the critical 
density, as above this density it is 
known that the error becomes large. 

5. If the agreement of the calcu- 
lated and experimentally measured 
pressures is not considered satisfac- 
tory in step 4 (it ought to be within 
1% if the data are reliable), it is 
likely that an improvement can be 
made by adjusting V, and 8. This 
may not seem quite right to adjust a 
data point such as V,, to get an equa- 
tion of state; however, usually V, 
cannot be determined experimentally 
with a very high degree of accuracy 
and it is quite possible that the value 
first chosen is somewhat in error. As 
usually the critical temperature and 
pressure are known with greater 
precision than the critical volume, it 
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TABLE 2.—SUMMARY OF THE FORMULAS AND PROCEDURES FOR EVALUATING THE 
ARBITRARY CONSTANTS IN THE EQUATION OF STATE 


Equation of state 


A 
4 B;T 


Formulas (in order of evaluation) 


B V. ] 
where Z, RT. 
(42) 


fo(T.) =9P.(V-—b)— 3.8RT.(V-—b) 
(35) 


f;(T.) = 5.4RT.(Ve—b)* 
(36) 


fs(T-) = 12P. (V.—b)* 


C;=—(V.—b)C2 (58) 


5.475 


Az = f2(T.) — —Cre 


(57) 

As = fis (T.) (48) 

B= (49) 


B; = m(V.—b)*— R(V.—b)” 


—3.4RT. (V-—b)* 37 
) (37) Bz (V.—b) (59) 
3(T.) = 0.8RT.(V.—b)* — 5.475 
Is 
— 3P.(V.—b)° (38) (60) 
(RT’)” 
[fe (T.)+bRT’ + (1—Z,)] + [ f2(T.) + bRT (T.- T’) 
(T,—T,) — 5.475 T'/T,) _ (T.—T") T/T; 
(55) 
— 5.475 Tp/T, — 5.475 
—he (T.) bRT Cole ) (56) 


Procedure for application of the fore- 
going formulas to obtain the equation 
of state for a given compound 


1. Select the best values of T,, P, 
and V,. In case any of these are not 
known or are in doubt, refer to Hou- 
gen and Watson(10) for procedures 
for estimating. 

2. Calculate Z,=P,V.,/RT,. 

3. Read off the Boyle temperature 
T;, from Figure 3. 

4. Read off the 7’ temperature from 


5, =— 0.67512, + 


Figure 
0.9869. 
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T, — T. 


5. Read off the third derivative 
characteristic 8 from Figure 8, or 
8 = — 31.8832? + 20.533Z,,. 


6. Calculate the reduced tempera- 
ture and pressure of a vapor-pressure 
point and place on Figure 7. By in- 
terpolation estimate the value of M. 
and from this calculate dp/dT =m = 
— MP,,/T.. 


7. With P,, T,, V,, m, Tg, T’, and 8 
now fixed, substitute in the foregoing 
formulas. 
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is not recommended that these be 


changed unless the experimental 
values have been determined or pre- 
sented with a considerable lack of 
precision. Also as V, is changed, the 
value of Z, will change and a dif- 
ferent 8 will be predicted from Figure 
8. One need not limit the values of 8 
to this graph, however, for if the 
selection of another § value which 
does not fit the graph will give a bet- 
ter fit of the data, that is the one to 
use. From the nature of the equation 


8 must lie between 3 and 4 to retain , 


the correct inflection at the critical 
point. As a guide in predicting the 
effects of adjusting 8 and V,, it has 
been found by trial that increasing 8 
tends to decrease all pressures on the 
critical isotherm except at the critical 
point itself; whereas, increasing V, 
tends to increase all pressures on the 
critical isotherm. 

6. When the critical isotherm is 
represented accurately by the equa- 


tion, read off a value of T;, and T’/T, 


from Figures 3 and 5, or 
T'/T , = — 0.6751Z, + 0.9869 

7. Obtain slope m by reference to 
the data for the critical isometric. 
Usually this can be done easily by 
reading off one high temperature 
point on the critical isometric and 
calculating m= (P-P,)/(T-T,). 

8. Evaluate all the constants in the 
temperature functions so that the 
equation is completely determined. 

9. Calculate a few points at high 
temperatures and low temperatures 
(near the saturation curve) for sev- 
eral isometrics, the latter being taken 
for example at densities about 25% 
greater than the critical density, 
about two thirds the critical density, 
about one quarter the critical density, 
and about one tenth or one twentieth 
the critical density. Of course, the 
exact densities will be those avail- 
able from the data. 

10. If the calculated points do not 
agree with the data with the desired 
degree of precision, the values of m™, 
T,, and T’ may be adjusted. The ef- 
fect of changing these values is ap- 
proximately as follows. Increasing m 
increases the pressure at higher tem- 
peratures for densities near the criti- 
cal. Increasing the Boyle temperature 
T, decreases the pressure at higher 
temperatures for low densities. In- 
creasing T’ increases the pressure at 
higher temperature for medium densi- 
ties at about half the critical density 
while it decreases the pressure for 
temperatures near the _ saturation 
curve. There is one other parameter 
which may be changed in the equa- 
tion, the constant in the exponential 
term, which is given as 5.475, but it 
might be shifted a little in a particu- 
lar case. In general increasing this 
constant has about the same effect as 
increasing TJ’. 

11. It is good practice to check on 
the calculation of the constants by 
substituting V, into the equation 
obtained at the end of step 3 to see 
whether it produces the critical pres- 
sure. The procedure’ should be re- 
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peated at the end of step 8. These are 
not considered complete checks on the 
work, but they reveal most of the 
errors which might be introduced into 
the calculations. 


In conclusion the new equation 
should have some value where one 
wishes accurate PVT representa- 
tion from a minimum of data or 
where one wishes to represent some 
data with an empirical equation. 
Even at this time the equation is 
being employed to calculate the 
thermodynamic properties of a 
compound for which the PVT data 
are meager. The equation permits 
all the usual differentiations and 
integrations required for such 
thermodynamic treatment. For ex- 
ample, the changes in enthalpy and 
entropy may be given in terms of 
the ideal-gas heat capacities and 
the equation of state. 
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NOTATION 
A, B, and C = functions of specific 
volume 
Ao, Bo, Co, Az, Bs, Cz, Ag, and B; 
characteristic constants 


C, = heat capacity at constant pres- 
sure 


H = enthalpy 


M=slope of reduced vapor pres- 
sure curve at critical point = 


P = pressure 

R = universal gas constant 

S = entropy 

T = temperature in absolute scale 

Tz = absolute temperature at Boyle 
point 


T'= absolute temperature for 
which the slope at P,=0 of 
the isotherm on the com- 
pressibility chart equals the 
slope of the line joining the 


critical point and (Z=1, 
V =specific volume or mole vol- 
ume 
PV 
Z = com bil f = 
pressibility factor RT 


= a characteristic constant for a 
given substance 


e=base of natural logarithm, 
2.71828 


f1, fo fe, = temperature func- 
tions 


f1(T.), f.(T,), f3(T.), f4(T,), and 
=temperature functions 
evaluated at T=T, 


m = slope of the critical isometric 
on pressure-temperature dia- 
gram 


(2 V=Ve 


Greek Letters 


RT 
«2 = residual volume = nate V 
8—a characteristic constant in 
V.. 
V 
ldas 


Joule-Thompson coefficient = 
dP H 


Subscripts 
c = the value at critical point, e.g., 
aud Z; 
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T 
r = reduced property, T, 


etc. 


c 


LITERATURE CITED 

1. Beattie, J. A., and O. C. Bridge- 
man, Proc. Am. Acad. Arts S¢i., 
63, 229-308 (1928). 

2. Beattie, J. A., N. Poffenberger, 
and C. H. Hadlock, J. Chem. Phys., 
3, 96-7 (1935). 

3. Beattie, J. A.. W. C. Kay, and J. 
Kaminsky, J. Am. Chem. Soce., 59, 
1589-90 (1937). 

4. Benedict, M., J. Am. Chem. Soc., 
59, 2224-33 (1937). 

5. Benedict, M., G. B. Webb, and L. 
C. Rubin, J. Chem. Phys., 8, 334 
(1940) ; 10, 747 (1942). 

6. Deschner, W. W., and G. G. 
Brown Ind. Eng. Chem., 32, 836- 
40 (1940). 

7. Dodge, B. F., “Chemical Engineer- 
ing Thermodynamics,” McGraw- 
Hill Book Company, Inc., New 
York (1944). 

8. Farrington, P. S., and B. H. Sage, 
Ind. Eng. Chem., 41, No. 8, 1734-7 
(1949). 

9. Gornowski, E. J., E. H. Amick, 
and A. N. Hixson, Ind. Eng. 
Chem., 39, No. 10, 1348-52 (1947). 

10. Hougen, O. A., and K. M. Watson, 
“Chemical Process Principles,” 
Part II, John Wiley & Sons, Inc., 
New York (1947). 

11. Joffe, J.. J. Am. Chem. Soe., 69, 
No. 3, 540 (1947). 

12. Keenan, J. H., and F. G. Keyes, 
“Thermodynamic Properties of 
Steam,” John Wiley & Sons, Inc., 
New York (1936). 

13. Maass, O., and S. N. Naldrett, 
Can. J. Res., B18, 103, 108 (1940). 


14. Marchman, H., W. Prengle, Jr., 
and R. L. Motard, Ind. Eng. 
Chem., 41, No. 11, 2658-60 (1949). 

15. Michels, A., and C. Michels, Proce. 
Roy. Soc., A153, 201-24 (1935). 

16. Michels, A., B. Blaisse, and C. 
Michels, Proc. Roy Soc., A160, 358 
(1937). 

17. Myers, J. Research Natl. Bur. 
Standards, 29, 168 (1942). 

18. Onnes, H. K., and A. T. Van 
Urk, Commun. Kamerlingh Onnes 
Lab., Univ. Leiden, No. 169d 
(1924). 

19. Perry, J. H., “Chemical En- 
engineers’ Handbook,” 3 ed., Me- 
Graw-Hill Book Company, Ince., 
New York (1950). 

20. Plank, R., Forsch. Gebiete In- 
genieurw., 7, 161 (1936). 

21. Reamer, H. H., B. H. Sage, and 
W.N. Lacey, Ind. Eng. Chem., 41, 
No. 3, 482-4 (1949). 

22. Reamer, H. H., B. H. Sage, and 
W.N. Lacey, Ind. Eng. Chem., 42, 
No. 1, 140-3 (1950). 

23. Thodos, G., Ind. Eng. Chem., 42, 
No. 8, 1514-26 (1950). 


Presented at A.I.ChE. San Francisco meeting, 


Page 151 


be 
re- 
of 
he 
if- 
re 
8 
he 
ch 
at- 
to 
on 
al 
e 
8 
e 
e 
is 
Cc. 
; | 
e 
| 
| 
(a 
\ 
1953. 


OPERATING CHARACTERISTICS OF 


MEMBRANES 


It appears inevitable that mem- 
brane research will eventually lead 
to the establishment of the gaseous- 
diffusion process as one of indus- 
try’s basic unit operations. This 
process permitted successful large- 
scale separation of isotopic ura- 
nium hexafluorides and was thus of 
paramount importance the 
atomic bomb program; it continues 
to play just as important a role in 
peacetime developments of atomic 
energy. Industry has at its disposal 
literally hundreds of different 
porous materials which ultimately 
will be investigated and may be 
used as membranes for the separa- 
tion of gases and vapors. 

During the past two years a 
number of studies have been re- 
ported which utilized strictly mi- 
croporous as well as plastic mem- 
branes for the separation of gases 
and vapors(1, 2,5,8,11,13). One 
of the microporous membranes of 
more than passing interest is 
porous glass(3, 4,5, 7,8, 9,12), be- 
cause the pore diameters of this 
material are in the range of 20 to 
60 A. and therefore are consider- 
ably smaller than the mean free 
paths of most gases at atmospheric 
temperature and pressure [about 
500 to 3,000 A.(6).] Five porous- 
glass membranes were studied, 
four of which were prepared at 
different times by the Corning 
Glass Works. Two of the mem- 
branes were taken from the same 
group of samples. Average wall 
thicknesses, that is, membrane 
thicknesses, were determined by a 
mercury - displacement method. 
Actual measurements of wall thick- 
nesses would have required break- 
ing of the membranes. The aver- 
age value for the thicknesses of 
the five membranes is 0.114 cm. 
Thickness measurements on five 
other broken membranes’ which 
were available averaged 0.114+ 
0.017 cm. 

Equilibrium time, rates of per- 
meation, and ratios of the perme- 
ability rates which indicate the 
direction and degree of separation 
to be expected were determined for 
the five membranes at the same 
time and under identical conditions. 


_D. H. Hagerbaumer is with The Chemstrand 
Corporation, Decatur, Alabama. 
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The gases used were oxygen, nitro- 
gen, and carbon dioxide at 25°C. 
over a range of 3.72 to 7.80 atm. 
absolute upstream and atmospheric 
downstream pressure. 


APPARATUS AND PROCEDURE 


The diagram of the apparatus is 
presented in Figure 1, and photo- 
graphs are shown in Figures 2 and 
3. The test gases were obtained from 
commercial sources and were not 
further purified. However, each gas 
was dried by being passed through 
silica gel before it entered the test- 
ing unit. The purity of the gases, as 
quoted by the suppliers, was 99.6% 
for oxygen, 99.0% for nitrogen, and 
99.5% for carbon dioxide. Before the 
five membranes were installed in the 
top flange, they were “normalized” 
at 510°C. for 12 hr. to remove ad- 
sorbed organic vapors and water 
vapor. This procedure was rigidly 
followed before each run even though 
the same gas was being used. To de- 
termine the time required for mem- 
brane equilibrium at different pres- 
sures, it was necessary to desorb the 
membrane of the gas which had been 
passing through it during the previ- 
ous run. All runs were made at essen- 
tially 25°C. Porous glass is normally 
consolidated to Vycor at 1,100° to 


O 

© \ 

6) 


Fic. 1. DIAGRAM OF APPARATUS: 


A, %-in. stainless steel needle valve; 
B, %-in. O.D. by %-in. I.D. by %-in. 
rubber gasket; C, brass packing- 
gland-type adapter to hold porous- 
glass membrane; D, porous-glass 
membrane; EF, standard pipe 6-in.- 
diam. by 12-in. long with 8-in.-diam. 
by %-in. long steel flanges welded to 
both ends; the top flange, which con- 
tains the five adapters, was bolted on 
with eight %-in. S.A.E. hexagonal 
bolts; F, %-in. Garlock rubber gas- 
ket; G, 11%4- by 10-in. standard pipe, 
silica-gel-filled gas drying unit. 
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1,200°C.(10), which is far enough 
above the normalizing temperature 
for the pores to be assumed unaltered 
during the normalizing operation. 
Rates of permeation through the 
membranes were essentially the same 
before and after normalizing. Before 
a run was started, the valve in the 
top flange was opened and the system 
was purged at approximately 1.3 atm. 
abs. (5 Ib./sq.in. gauge) for 2 min. 
The valve was then closed and the 
system immediately subjected to the 
desired operating pressure. The gas 
which permeated the membrane was 
discharged into the atmosphere ex- 
cept when a sample was collected in 
the burette to determine the rate of 
permeation, whieh was measured by 
displacement of a saturated sodium 
chloride solution from a 100-cc. gas 
burette, connected to the membrane 
by a rubber tube. The time required 
to collect samples was determined 
with a stop watch which could be 
read to within +0.25 sec. Atmos- 
pheric pressure was maintained on 
the downstream side of the mem- 
branes by means of a leveling bulb 
connected to the bottom of the gas 
burette. After a run was completed, 
either the rubber tubing leading 
to the gas burette was removed 
from the membrane or the three- 
way stopcock in the collection line 
was opened to the atmosphere. Dif- 
fusion of gas through the rubber 
tubing was considered negligible, as 
essentially atmospheric pressure was 
maintained on both sides of the tub- 
ing, the wall of which was 2 mm. 
thick. The time required for runs 
was quite short, namely, about 20 
to 200 sec. The temperature of the 
room in which the experiments were 
conducted constant within 
+0.5°C. during each run, and con- 
sequently it was not considered neces- 
sary to place the unit in a constant- 
temperature bath. 


DISCUSSION OF RESULTS 


The dimensions of the five 
porous-glass membranes _ studied 
are presented in Table 1. Typical 
rates of permeation at equilibrium, 
G., and the time required for 
equilibrium to be established with- 
in the membranes, t,,, under vari- 
ous operating conditions for nitro- 
gen, oxygen, and carbon dioxide 
are presented in Tables 2 through 
4. The equilibrium rate of permea- 
tion, G,,, is defined as the number 
of standard cubic centimeters of 
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TABLE 1.—DIMENSIONS OF PoROUS-GLASS MEMBRANES TESTED also the final operating pressure. 
Length, Outside area, sq. Thicknens In the second case the initial oper- 
Sample* mm. cm. cn. ating pressure was higher than the 
1 145 78.57 0.109 final operating pressure. When es- 
2 47 21.0 0.107 sentially constant rates of permea- 
3: 84 39.8 0.122 tion were established for all the 
Lig membranes at the initial operating 
‘ER at pressure, the final operating pres- 
itil Avg. 0.114 sure was produced by suddenly de- 
*Membranes 1 and 5 were from the same group of samples received from the Corning  CTeasing the pressure on the mem- 
Glass Works. branes to the desired value. This 
ugh 
os TABLE 2.—NITROGEN EQUILIBRIUM PERMEABILITY DATA 
ion. Gy = rate of permeation at equilibrium, std. cc./(sec.) (sq. cm.) — 10? 
the t.q = time required for equilibrium to be established, hr. 
ame b = 1.0 atm. abs. downstream pressure 
fore 
ne Porous glass 1 2 3 4 5 
ro Upstream pressure leg 
conditions, 7, atm. abs. Gi bee Geq bus Gog Gog 
to, 7.70 57.9 51.5 12.47 57.9 8.81 67.6 6.97 57.9 
e =e to: 372 6.94 56.0 6.46 45.6 10.9 15.9 7.87 45.7 6.56 51.1 
the =i te ¢.72Z 7.17 55.7 6.67 49.8 11.19 49.8 8.27 49.8 6.81 55.9 
gas eS to 372 6.84 61.0 6.44 58.0 10.78 34.6 7.84 58.2 6.53 63.0 
was 13 to 5.08 to 3.72 7.02 0.25 6.56 2.26 10.82 13.7 8.10 0.25 6.64 0.25 
ex- =13 to 5.08 to 3.72 6.98 0.25 6.50 0.25 10.77 0.25 8.01 0.25 6.60 0.25 
in 1.3 to 7.80 to 3.72 7.07 0.92 6.47 0.92 10.81 0.25 7.96 0.92 6.62 0.92 
of =13 to 7.80 to 3.72 7.25 0.87 6.61 ho 10.98 0.87 8.18 0.25 6.75 0.25 
by B 
um iS. . to 0 10.28 43.5 9.71 51.1 16.15 17.0 11.78 34.8 9.73 38.4 
yas 13 to 5.08 10.47 34.3 9.66 36.8 16.05 13.3 11.78 27.6 9.73 25.2 
ane 13 to S72 to 56S 10.28 0.25 9.62 0.25 15.92 2.25 11.78 0.25 9.73 0.25 
red Cc 
ned 13 to 6.44 14.36 3.50 13.39 7.67 22.29 1.06 16.34 5.5 13.74 7.67 
be lS to Sia to G44 14.31 0.25 13.21 2.47 aAee 0.25 16.48 0.25 13.43 0.25 
Os- D 
n 
a =1.3 to 7.80 17.94 1.0 16.23 0.25 27.86 4.0 20.31 4.0 17.10 1.0 
alb =13 to 372 to 7.80 17.94 0.25 16.53 0.25 27.86 0.25 21.04 0.25 17.18 0.25 
aes =13 to 644 to 7.80 17.94 0.25 17.61 0.25 28.47 0.25 20.74 0.25 16.93 0.25 
ed 
aa TABLE 3.—OXYGEN EQUILIBRIUM PERMEABILITY DATA 
red G,,= rate of permeation at equilibrium, std. cc./(sec.) (sq. cm.) - 10° 
ee- tg = time required for equilibrium to be established, hr. 
p = 1.0 atm. abs. downstream pressure 
er 
re Porous glass 1 2 3 4 5 
as Upstream pressure leq 
conditions, 7 atm. abs. Geq leg Geq A lea Geq bee 
m =s1S to 342 6.30 25.3 5.92 42.7 9.86 6.0 7.27 49.5 5.98 31.0 
ns =13 to 3.72 6.53 20.5 6.17 5 a. 10.13 so 7.46 20.5 6.21 5.5 
20 ~ [3S to’ 3.72 6.50 23.5 6.10 23.5 10.04 23.5 7.46 23.5 6.21 27.2 
h =13 to 7.80 to 3.72 6.57 bey bs 6.19 1.25 10.22 0.25 7.65 5.0 6.35 3.5 
=13 to 7:80 .to> 3.72 6.57 6.12 1.5 10.13 0.25 0.25 6.21 0.25 
1 
in 
ns =hS to 568 9.78 11.8 9.24 20.3 15.10 6.5 11.10 22.6 9.26 12.8 
30 =13 to 3.72 to 5.08 9,92 25 9.04 1.0 15.06 25 11.11 1.0 9.27 1.0 
t =13 to 3.72 to 5.08 9.83 0.5 9.20 Zo 15.06 0.5 11.33 0.5 9.34 0.5 
: =1.3 to. 372 to 5.08 9.72 1.4 9.03 Zo 15.00 20 11.11 0.5 9.27 0.5 
=13 to 6.44 13.46 2.25 12.59 5.0 20.78 5.0 15.29 2.25 12.70 14.75 
=13 to 5.08 to 6.44 13.46 LZ 12.37 1.25 20.44 1.25 15.31 1.25 12.70 1.25 
ve ~13 to 5.08 to 6.44 13.46 1.50 12.30 2.25 20.64 2.25 15.31 2.25 12.70 0.5 
D 
al =13 to 7.80 16.62 aa 15.58 4.5 25.90 4.25 19.26 2.0 16.17 8.5 
n ~13 to 7.80 16.78 aa 15.60 3.40 25.90 4.0 19.31 1.75 16.25 6.75 
: ~13 to 6.44 to 7.80 16.87 LIZ 15.61 0.25 26.22 0.25 19.31 0.25 16.07 0.25 
: +13 to 644 to 7.80 16.87 1.50 15.67 ka 25.92 1.5 19.31 0.25 16.22 0.50 
4 gas per second per square centi- in three ways. In the first case type of operation was initiated to 
“ meter passing through the mem- after the system was purged (at 5 save time in establishing membrane 
_ brane. The time, t,,, required for lb./sq.in. gauge) the membranes equilibrium, because during several 
h equilibrium to be established with- were brought rapidly from purging trial runs it was observed that the 
. In the membrane is in hours. pressure to the initial operating membrane came to equilibrium 
, The membranes were operated pressure, which in this case was considerably faster at higher than 
4 Vol. 1, No. 2 A.LCh.E. Journal Page 153 
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TABLE 4.—CARBON DIOXIDE EQUILIBRIUM PERMEABILITY DATA 


G.q = rate of permeation at equilibrium, std. cc./(sec.) (sq. cm.) —10° 
time required for equilibrium to be established, hr. 


t 


eq 
= 
Porous glass 1 
Upstream pressure 
conditions, 7 atm. abs. Geg 
10.09 
10”. 6:44-t0 372 9.74 
7.60. to. 3.72 10.47 
to 7.80 to - "3.72 10.66 
=13 to 5.08 15.6 
13 to 3.72 to 5.08 15.70 
=13 to 6.44 20.55 
=13 to 5.08 to 6.44 20.9 
~13 to 7.80 26.9 
=13 to 7.80 26.9 
=13 to 644 to 7.80 26.9 


at lower operating pressures. In 
the third case the initial operating 
pressure was greater than atmos- 
pheric, but less than the final oper- 
ating pressure. When the rates of 
permeation through all the mem- 
branes were nearly constant, the 
pressure was increased rapidly to 
the final operating level. 

The upstream pressure side con- 
ditions, represented by II, in Tables 
2 through 4, have been arranged 
so that the first pressure listed 
corresponds to the purging pres- 
sure on the membrane. After the 
system was purged, the pressure 
was suddenly increased to the sec- 
ond pressure listed and equilibrium 
was established within the mem- 
branes at this pressure. In cases 
where a third pressure is given, 
the pressure was rapidly changed 
from the second to the third value 
and equilibrium was again at- 
tained. All tables list G,, and te, 
only for the last upstream pressure 
condition. 


Fic. 2. ASSEMBLED TESTING 
APPARATUS. 
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1.0 atm. abs. downstream pressure 


2 3 
leg Geg leg Geq leq 
A 
47.6 7.12 53.1 11.81 53 
2.79 6.96 2.79 11.60 2 
0.5 7.20 0.5 11.85 0 
0.75 7.35 0.75 12.11 0 
B 
38.2 10.8 46.3 17.80 34.6 
4.25 10.91 9.25 17.83 0.25 
Cc 
32.2 14.49 42.2 24.22 20.7 
0.5 14.69 18.25 24.5 18.25 
D 
10.1 18.72 10.1 30.5 8.58 
9.08 18.89 9.08 30.9 9.08 
0.42 18.4 3.42 30.9 0.42 


In all instances the rate of per- 
meation through membrane 3 was 
definitely greater than through the 
other membranes. To some extent 
this is also true for membrane 4. 
The membrane thicknesses, listed 
in Table 1, differ by less than 14% 
and therefore the differences in 
flow cannot be explained by thick- 
ness variations. Previous investi- 
gations(3,9,12) have repeatedly 
demonstrated that the average pore 
size of porous glass is at most 
about 60 A. and also that the pore- 
size distribution is rather sharp; 
therefore, it is unlikely that a dif- 
ference in pore size or in distribu- 
tion was responsible for the dif- 
ferent flow rates. Support for this 
contention is given by the data in 
Table 5, where average perme- 
ability are shown to be essentially 
constant for all five porous-glass 
membranes. This is proof that all 
flow experiments were made in the 
molecular flow region. 

Table 5 also gives ratios of per- 


Fic. 8. MEMBRANES AND DISASSEM- 
BLED TESTING APPARATUS. 
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4 5 
935 531 852 57.6 
928 275 £834 2°75 
950 85 859 6.00 
982 075 898 0.75 
14.40 463 13.10 40.5 
1436 0.75 1298 0.50 
19.00 422 1668 289 
1963 475 17.70 70 
245 10.1 22.46 10.08 
245 908 229 9.08 
24.5 042 2246 467 


meabilities of Ns and Os. These 
ratios were found to be constant 
for the individual runs, and there- 
fore only average values are re- 
ported. This fact signifies that all 
membranes behaved exactly alike 
in molecular flow. Consequently the 
conclusion is justified that the dif- 
ferences in flow rates were due to 
variations in the number of pores 
per unit surface area, that is, dif- 
ferences in void volume. This is a 
perfectly logical explanation. 

In designing industrial diffusion 
units, it is important that the vari- 
ation in flow rates per unit area 
and the variation in separation 
characteristics for different mem- 
branes constructed of the same 
basic material should be well de- 
fined. Without such knowledge, the 
design engineer faces the possi- 
bility of over- or underdesigned 
units. 

The data presented in Tables 2 
through 4 are pertinent to the start 
up of a diffusion process. Probably 
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Fic. 4. NITROGEN PERMEATION RATES 
x 10% THROUGH PorROUS-GLASS MEM- 
BRANES. 
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all membranes require a certain 
length of time to reach membrane 
equilibrium. The data indicate that 
equilibrium can be obtained in any- 
where from a fraction of an hour 
to several hours at high pressures, 
compared with as much as several 
days or more at low pressures. One 
would expect that similar phe- 
nomena would be exhibited by 
ceramic and metallic membranes 
which have pore diameters up to 
approximately 500 A. For pore 
diameters greater than 500 A., the 
adsorbed molecular layers should 
not contribute appreciably to the 
total rate of flow through the capil- 
lary. It would be expected that the 
smaller the pore diameter, the 
greater would be the length of time 
required for membrane equilib- 
rium. Very slow adsorption of gas 
within the pores is believed to ac- 
count for the time lag observed in 
attaining membrane equilibrium; 
therefore, the smaller the pore di- 
ameter, the greater wotld be the 
influence of the adsorbed layers 
on the effective pore diameter and 
the greater would be the effect 
which adsorption contributed to 
the flow and separation mechanism. 

Some variation in reproducibility 
of t,, was observed (Tables 2 
through 4) when the membranes 
were studied under the same condi- 
tions. It was definitely established, 
however, that ¢,, is always smaller 
at higher upstream pressures than 
at the lower upstream pressures. In 
all cases it was consistently found 


that on reducing the upstream pres- 
sure to a lower final operating 
pressure, the time required for 
membrane equilibrium was con- 
siderably reduced. It is recommend- 
ed that membrane equilibrium be 
attained by initially subjecting the 
membrane to a high upstream pres- 
sure for a short period of time and 
then either suddenly or slowly de- 
creasing it to the final operating 
pressure. The typical data pre- 
sented in Figure 4 justify this 
recommendation. 

For the data presented in Fig- 
ure 4, nitrogen was placed on the 
outside of membranes at 7.80 atm. 
abs. (100 lb./sq. in. gauge) for just 
1/2 hr. and the membranes did not 
necessarily reach equilibrium be- 
fore the pressure was suddenly de- 
creased to 3.72 atm. abs. (40 lb./ 
sq.in. gauge). When the membranes 
were operated in this manner, it 
was found that reduction of the 
upstream pressure resulted in very 
rapid establishment of flow equilib- 
rium as compared with the ap- 
proximately 2 days needed when 
the pressure was increased from 
the purging pressure to 3.72 atm. 
abs. Similar results were obtained 
for oxygen and carbon dioxide un- 
der identical operating conditions, 
and the rates of permeation were 
of the same order of magnitude as 
the G,, values obtained when the 
upstream pressure was increased 
from purging pressure (about 1.3 
atm. abs.) to 3.72 atm. abs. 

The experimental data in Tables 


TABLE 5.—AVERAGE PERMEABILITIES AND PERMEABILITY RATIOS 


Average permeability*: P x 10° 
Membrane number 


Gas 1 2 
Nitrogen 0.285 0.260 
Oxygen 0.265 0.242 
Carbon dioxide 

Ap: 2.72 atm. 0.411 0.282 
: 4.08 atm. 0.417 0.285 
: 5.44 atm. 0.415 0.287 
: 6.80 atm. 0.430 0.293 


Based on N2 and O, 
the CO, flow should 
e 0.227 0.207 


3 


5 
0.494 0.334 0.297 
0.461 0.310 0.2 


0.531 0.392 0.382 
0.532 0.394 0.385 
0.545 0.398 0.386 
0.552 0.403 0.402 


0.394 0.266 0.237 
Actual permeability ratios Theoretical 
a@ values ratiot 


N:/O, 1.076 1.076 
Ne/COot 0.688 0.916 
0:/COst 0.635 0.852 


1.070 1.077 1.065 1.069 
0.922 0.848 0.773 1.253 
0.860 0.787 0.727 1.172 


(Std. cc.) (cm, thickness) 


* Permeability P = 


(sq. cm. area) (sec.) (Ap atm. pressure drop) 


+Theoretical ratio: 


Pro _ {Moz _ 
“Po. V 


39 
93 = 1.069 


tAverage Pco, values at Ap of 2.72, 4.08, 5.44 atm. are used. At 6.80 atm. con- 
densed flow begins to increase noticeably with pressure. 
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2 through 4 are also significant in 
that t,, was observed to be greater 
in all cases when the upstream 
pressure was increased from essen- 
tially atmospheric conditions to the 
intermediate rather than to the 
higher final pressures. 

Consequently, the lower the up- 
stream operating pressure, the 
more important it becomes to di- 
rect attention to the best method 
for obtaining membrane equilib- 
rium as rapidly as possible. 
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For the sake of simplicity, the 
Geq and t,, data have been pre- 
sented in tabular form in Tables 
2 through 4. To show typical de- 
tailed rates of permeation data ob- 
tained, one complete set of data has 
been presented for nitrogen at 
various upstream pressures in Fig- 
ures 4 through 7. It is seen in 
Figure 4 that the initial rate of 
permeation may vary by as much 
as 30% from the rate of permea- 
tion at equilibrium, G,,. As the 
upstream pressure was increased 
(Figures 5, 6 and 7), the initial 
rates of permeation more closely 
approached the rates at equilib- 
rium, G,,. This should be expected, 
for adsorption takes place much 
more rapidly at the higher pres- 
sures. Membranes 2 and 3 diverged 
the most in regard to rates of 
permeation. On increase of the up- 
stream pressure, the percentage 
variation in rates of permeation 
remained approximately the same 
for all membranes, but when it is 
interpreted as difference in actual 
flow rates the higher the upstream 
pressure, the greater the difference 
in actual flow rates. 

Uniform separation characteris- 
tics of individual membranes are 
just as important as uniform flow 
rates through the membranes. 
Similarly, the effect of pressure on 
establishing membrane equilibrium 
and the time required for mem- 
brane equilibrium is of paramount 
importance. It would indeed be un- 
desirable to construct a number of 
diffusion stages without knowing 
whether all the membranes used 
possessed identical separation char- 
acteristics. 

The separation factor, «, for 
ideal gases through ideal mem- 
branes is equal to the square root 
of the inverse ratio of the molecu- 
lar weights of the individual com- 
ponents. This is in accordance with 
the separation predicted by Gra- 
ham’s equation(5), which is 


WE TLA — PY 
Malm (1 — x4) — p(1 — ya) 


where y, and yz are the mole frac- 
tions of the components on the low- 
pressure side of the membrane, 
x, and a, are the mole fractions of 
the components on the high-pres- 
sure side, M, and M,, are the molec- 
ular weights, and II and p are 
the upstream and downstream pres- 
sures, respectively. Graham’s equa- 
tion in this form assumes that the 
feed composition remains virtually 
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constant. When experimental per- 
meability data for individual com- 
ponents and for identical operating 
conditions are available, they may 
be used in place of VM,/M,, usual- 
ly expressed in terms of « = G,4/Gz. 
The « values are an index to the 
direction and degree of separation 
of the components. The separation 
characteristics of the five mem- 
branes studied are presented in 
Table 5 in terms of «a values 
which were computed from ob- 
served rates of permeation data, 
and the a values are also com- 
pared with VM;/M, values. As 
stated previously, the constancy 
of the « values for No-O. is proof 
that the separation characteristics 
of all five membranes for nitrogen- 
oxygen separation were quite uni- 
form even though the equilibrium 
rates of permeation through the 
five membranes varied as much as 
30% under identical operating con- 
ditions. The consistent « values for 
nitrogen-oxygen indicate that the 
pore diameters of the five mem- 
branes are relatively uniform, but 
the number of pores per unit area 
probably varied. 

This accounts for the marked 
difference in the observed rates of 
permeation at equilibrium. The « 
values for nitrogen-oxygen also 
were in good agreement with the 
theoretical values. 

When the carbon dioxide data in 
Table 5 are analyzed, it is obvious 
that carbon dioxide permeated at 
a much higher rate than would be 
predicted from N. and Oz flow. At 
25°C. oxygen and nitrogen are con- 
siderably above their critical tem- 
peratures, which are —118.8° and 
—147.1°C. respectively. The criti- 
cal temperature of carbon dioxide 
is 31.1°C.; consequently, oxygen 
and nitrogen were actually gases 
at 25°C., whereas carbon dioxide 
could be considered a vapor. Ex- 
perimental evidence has been re- 
ported which shows that vapor mix- 
tures and gas-vapor mixtures can- 
not be expected to separate in the 
direction predicted by the square 
root of the inverse ratio of the 
component molecular weights (5, 8), 
and the « values calculated here 
for nitrogen—carbon dioxide and 
oxygen—carbon dioxide indicate that 
these gas-vapor mixtures do not 
separate in inverse proportion to 
the square root of the molecular 
weights. 

The flow rates of carbon dioxide 
were found to be greater than pre- 
dicted by Graham’s law. The anom- 
alous flow behavior of carbon di- 
oxide through various membranes 
has also been reported by other 
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investigators(8). This observation 
is in accordance with the concept 
that “condensed” flow rates of 
vapors are generally greater than 
flow rates of gases. Substantiating 
evidence of condensed flow phe- 
nomena was reported in the sepa- 
ration study of azeotropic vapors 
(5). It is of further interest to 
note that the « values for the gas- 
vapor mixtures studied showed con- 
siderable variation between the five 
different membranes. The mem- 
branes which gave the highest flow 
rates, that is 3 and 4, also exhibited 
a greater proportion of condensed 
flow, a result that agrees with the 
contention that these membranes 
possessed a higher void volume, or 
pore surface. 
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A TECHNIQUE FOR CONTACTING GASES 
WITH COARSE SOLID PARTICLES 


K. B, Mathur and P. E. Gishler 


National Research Council of Canada, Ottawa 


Although coarse, uniformly sized particles are not amenable to fluidization, it has 
been found possible by use of either gases or liquids to impart a regular cycling 
motion to a bed of this type of material in which the solids are rapidly carried 
upward by the fluid in a central well-defined core within the bed. The particles move 
uniformly downward in the annular space surrounding the core, thus providing 
dense-phase countercurrent contact between the fluid and the solids. There is no 
wall separating the core from the annulus. This method is called the spouted-bed 
technique. The effect of column diameter, fluid inlet diameter, bed depth, and 
physical properties of solids and fluids on spouting behavior has been investigated. 


The minimum fluid velocity required for spouting has been correlated, and the 
flow pattern of the fluid and of the solids has been studied. The technique has been 


applied to the drying of wheat. 


Fluidization of solids has proved 
to be a useful technique for vapor- 
solid contact. The reasons for its 
wide acceptance and application 
are certain unique characteristics 
which are inherent in the system, 
viz., ease of transferring solids to 
and from vessels, uniformity of 


conditions such as temperature, 


etc., within the bed, and high heat 
and mass transfer rates associated 
with the system. Application has, 
however, been limited to relatively 
fine solids because coarse materials 
when subjected to fluidization show 
a marked tendency toward slug- 
ging(4,7). This paper describes a 
technique—called the spouted-bed 
technique—which has been devel- 
oped for effectively handling coarse 
particles. The mechanism of flow of 
solids as well as of gas in this 
technique is different from fluidiza- 
tion, but it appears to achieve the 
same purpose for coarse particles 
as fluidization does for fine ma- 
terials. Whereas the major applica- 
tion of the technique is believed to 
be for coarse particles, it was found 
to work effectively for solids as 
fine as 20 to 35 mesh which are 
also capable of being fluidized. 
Thus there is a slight overlap be- 
tween spoutable and _fluidizable 
sizes. 


DESCRIPTION OF THE SPOUTED- 
BED TECHNIQUE 


If coarse solid material is poured 
into a cone-bottomed column hav- 
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ing a small central opening for air 
inlet at the base of the cone and 
subjected to an increasing upward 
air flow, the following steps will 
occur. At low air velocities the air 
will simply pass upward through 
the solids bed without disturbing 
the particles; however, as the air 
velocity is increased, a point will 
be reached when there is a notice- 
able readjustment of the particles. 
A further increase in air flow 
causes a stream of solids to rise 
rapidly as a central core, or spout, 
within the bed. The solids in the 
spout, having reached somewhat 
above the bed level, fall back onto 
the annular space around the spout 
and travel downward uniformly as 
a packed bed. Thus a spouted bed 
is a composite of a central air 
spout carrying the solids upward 
and a downward-moving annulus 
with a countercurrent flow of air. 
A considerable cross flow of solids 
from the annulus into the spout 
takes place all along the bed height. 
Figure 1 illustrates a spouted bed 
of wheat in a sectional column; 
Figure 2 indicates the solids-flow 
pattern schematically. 

The effect of air flow on bed 
condition is illustrated by the pres- 
sure drop across the bed. A typical 
pressure-drop curve is shown in 
Figure 3. With increasing air veloc- 
ities the pressure drop rises di- 
rectly to point B, as would be ex- 
pected in a packed bed. Increasing 
the air flow beyond this causes a 
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Fic. 1. SPOUTED WHEAT BED IN A 6-IN. 
SECTIONAL COLUMN. 


sharp decrease in pressure drop to 
the point at which the air velocity 
at the inlet becomes high enough 
to lift the particles at the base 
of the cone and thus form a 
short internal spout in that re- 
gion. With further increase in 
air flow this spout increases in 
height until at point C enough 
solids have been displaced from the 
central core to cause a noticeable 
expansion of the bed. At an air- 
flow rate corresponding to point D, 
movement of particles at the top 
of the bed is observed, but the 
spout is still confined to the lower 
part of the bed. Increasing the air 
flow beyond this point causes a 
sharp decrease in the pressure drop 
to point E, where the spout breaks 
through the top of the bed and 
steady spouting sets in. Beyond 
this point the pressure drop de- 
creases only slightly with an in- 
crease in air flow. 

If the air flow is then decreased, 
the bed stays in the spouted con- 
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dition until an air velocity corre- 
sponding to point E’ is reached, 
which is somewhat lower than the 
velocity at point EZ. This is made 
possible because the energy for 
breaking interparticle contacts in 
the central core is no longer neces- 
sary as is the case with increasing 
air flow. Point E’ represents the 
minimum air flow for spouting; a 
slight reduction in air flow at this 
stage results in a sharp rise in the 
pressure drop owing to the col- 
lapse of the spout. The bed behaves 
like a packed bed beyond this point, 
the curve for decreasing air flow 
being lower because the particles 
are loosely packed. 


CONE 
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N 
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SCREEN 
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Fic. 2. SCHEMATIC DIAGRAM OF A 
SPOUTED BED. 


CONDITIONS NECESSARY FOR 
SPOUTING 

Conditions, viz., inlet-air di- 
ameter, air-flow rate, bed depth, 
and particle size, necessary for 
spouting are critical. For a certain 
particle size and column diameter 
there is a maximum inlet-air size 
beyond which spouting does not 
take place. The maximum bed depth 
to which a certain material can be 
made to spout is also limited and 
depends upon the column diameter 
and the size of the inlet-air open- 
ing. 
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Figures 4 and 5, which are phase 
diagrams for —20+35-mesh Ottawa 
sand, .quantitatively illustrate the 
critical nature of the inlet-air di- 
ameter, air flow, and bed depth on 
spouting. For the data represented 
in Figure 4, a 1/2-in. standard pipe 
was used for the inlet air at the 
bottom of an 85° (included) angle 
cone, which formed the base of a 
6-in. glass column. An increase in 
air flow caused the transition of 
the sand bed from packed to fluid- 
ized with further increase resulting 
in slugging. However, when the 
size of the air inlet was reduced 
to a 3/8-in. standard pipe (Figure 
5), a bed as deep as 27.0 in. could 
be made to spout. Good spouting 
was achieved only over a narrow 
range of air flow; increasing the 
air rate above a certain value re- 
sulted in fluidizing and finally slug- 
ging. A bed deeper than 27 in. did 
not spout but changed directly 
from a packed to a fluidized bed 
with increasing air flow. 

A similar phase diagram for 
wheat, in a 6-in. column with a 
3/8-in. standard pipe for air inlet, 
is depicted in Figure 6. The range 
of air flow for spouting is consider- 
ably wider with wheat than with 
sand. 


SCOPE OF INVESTIGATION 


This work was conducted with 
two main objects in view: (1) to 
gain an insight into the mechan- 
ism of gas and solids flow in a 
spouted bed and (2) to study the 
effect of the major variable of the 
system on spouting behavior. 


MECHANISM OF GAS AND 
SOLIDS FLOW 

The flow characteristics of such 
a system are of importance in un- 
derstanding and properly applying 
the technique. In order to arrive 
at a complete picture of the flow 
mechanism, the following char- 
acteristics have to be studied: flow 
of gas through annulus and through 
spout, flow of solids through an- 
nulus and through spout, void 
space in annulus and in spout. 


EXPERIMENTAL 


Considerable data have been taken 
for different solids with varying col- 
umn diameters, bed depths, and air- 
inlet sizes. For explaining the flow 
mechanism, a 25-in.-deep wheat bed 
in a 6-in.-diam. column with a 3/8- 
in. standard pipe for air inlet at the 
base of an 85° cone has been chosen 
as a typical spouted bed. The choice 
of this system is arbitrary, and a 
study of the effect of column design, 
solids properties, and fluid proper- 
ties on flow mechanism has not been 
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attempted. The following discussion 
is confined to the typical system de- 
scribed above. 


Flow of Air. The data taken to 
establish the flow pattern of air in 
a spouted bed consist of vertica} 
static-pressure-drop profiles. The 
radial pressure-drop gradient was 
found to be negligible. A single pres- 
sure probe consisting of 1/8-in. Shelby 
tubing with 1/64-in. static pressure 
holes, and a water-air manometer 
were used for taking the pressure- 
drop data. Readings were usually 
taken every 4 in. along the bed 
height; all observations were taken 
above the cone, which extends 5 in. 
above the air inlet. Pressure-drop 
measurement, as an indication of air 
flow, was considered preferable to 
direct measurement of air velocity 
because of the usual difficulties en- 
countered as a result of solids in- 
terference (6). 
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Fic. 3. EFFECT OF AIR FLOW ON PRES- 
SURE DROP IN A BED OF SOLIDS USING 
A SMALL CENTRAL AIR INLET. 
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Flow of Solids. It is not possible to 
obtain information on the upward 
velocity of particles in the spout in. 
the circular column because the spout 
is not open to view. A sectional 6-in.- 
diam. Plexiglass column was built in 
which the spout is visible along the 
flat side (Figure 1). The inlet-air 
opening for this column was a 0.493- 
in-diam. (equivalent to a 3/8-in. 
standard pipe) half circle. 
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It is doubtful whether the half 
column is a true representation of 
the full column, as interference is 
caused by the introduction of a flat 
wall; however, the relative flow be- 
haviors in the half column should be 
comparable to those in the full col- 
umn. This view is supported by the 
fact that the shapes of the particle 
velocity-at-wall and pressure-drop 
profiles for the half and full columns 
are identical (Figures 7 and 8). 
While use has been made of the in- 
formation obtained on the half -col- 
umn for flow explanations in the full 
column, it has been kept in mind 
that only the relative behaviors in 
the half column are significant. 

To obtain data on particle velocity 
in the spout in the half column, high- 
speed motion picture technique was 
employed. A Western Electric Fastax 
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16-mm. camera was used to take mo- 
tion pictures of the spout at 3,000 
frames/sec. Colored wheat particles 
were dropped in the bed to serve as 
indicators. Close-up shots from about 
5 ft. were taken on 100 ft. rolls so 
that the movement of the particles 
might be distinctly traced. Project- 
ing the movies in slow motion made it 
possible to measure particle velocities 
in the spout at different levels. Data 
were also taken to measure vertical 
profiles of the particle velocity at the 
column wall. This was done simply 
by timing the particles across 4-in. 
increments along the bed height. The 
observations were fairly reproduci- 
ble; an average of a dozen readings 
across each increment of height has 
been reported. The particle velocities 
did not vary along the column 
periphery. 


RESULTS AND DISCUSSION 


Flow of Air. Annulus. The annulus 
in a spouted bed is a downward- 
moving bed of solids. The expan- 
sion in the bed was observed to be 
about 6%, which is roughly equiva- 
lent to the volume of the solids 
displaced from the spout, and indi- 
cates that the annulus is substan- 
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tially a packed bed. Visual observa- 
tion verifies this. The pressure 
drop along the bed height is, there- 
fore, a measure of the loss of 
energy of the air flowing through 
it, and the situation is similar to 
the flow of gas through a loosely 
packed bed. 

In order to arrive at the air flow 
through the annulus, a pressure- 
drop vs. airflow curve for a packed 
bed was first determined experi- 
mentally. These data were obtained 
in a 6-in. glass column by use of 
a sintered stainless steel grid as an 
air distributor. Static pressure- 
drop readings were taken at dif- 
ferent air-flow rates including 
rates high enough to cause agita- 
tion of the bed. 
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Figure 9 gives AP as a func- 
tion of superficial air velocity; the 
lower curve is for loose packing. 
Figure 8 is the vertical pressure- 
drop profile in a spouted bed. For 
a certain value of pressure drop in 
the spouted bed, the superficial air 
velocity in the annulus is equal to 
that indicated by the curve for a 
loosely packed bed. 

The air velocity in the annulus 
has been worked out on this basis 
and plotted in Figure 11 against 
bed level. To obtain the volumetric 
air flow from the superficial veloc- 
ity, the cross-sectional area of the 
annulus and therefore the diameter 
of the spout along the bed height 
must be known. This was measured 
in a 25-in. spouted bed of wheat in 
the half-sectional column. The spout 
diameter was 1.1 in. at a level of 
2 in. from the inlet; it increased 
rapidly to 1.4 in. at the 6-in. level 
and then gradually to 2 in. at the 
top of the 25-in.-deep bed. In the 
full column it was possible to esti- 
mate the spout diameter at the bed 
top as 2 in. which agrees with the 
spout diameter at bed top in the 
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/ 
A 


aaff column; hence it is assumed 
that the spout diameters at dif- 
ferent bed levels in the half and 
full columns are identical. Since 
the variation in spout diameter 
along bed height is relatively small, 
the over-all flow picture would not 
be significantly affected even if 
this assumption were not strictly 
true. The volumetric flow in the 
annulus as a percentage of total 
flow is also contained in Figure 10. 
From this it can be seen that the © 
air steadily flares out from the 
spout into the annulus as it rises 
up the bed; this tendency is much 
more pronounced in the lower part 
of the bed, as is evident from the 
rapid change in slope of the curve 
for this region. Near the top of 
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the bed almost two thirds of the 
total air flows through the annulus. 

It is interesting to note that the 
maximum air velocity in the an- 
nulus at the top of the bed is ap- 
proximately the velocity required 
to fluidize wheat, as indicated in 
Figure 9. 

Spout. The air flow through the 
spout has been worked out for dif- 
ferent bed levels by taking dif- 
ferences between the total air flow 
and the air flow through the an- 
nulus. Results are plotted in Fig- 
ure 11 as the percentage of total 
flow through the spout against bed 
level. Based on the diameters of 
the spout, the superficial air veloc- 
ity through the spout has been 
calculated and plotted in the same 
figure. The air enters the bed at a 
high linear velocity; about 30% 
of it flares out into the annulus 
during its travel through the cone, 
and at the same time the core di- 
ameter increases to about 1.4 in., 
reducing the velocity through the 
spout at the top of the cone to 50 
ft./sec. The lateral flow of air from 
the spout to the annulus is gradual 
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above the cone, the velocity falling 
off to 13.5 ft./sec. at the top of the 
bed. 


Flow of Solids. Annulus. The parti- 
cle velocity at the column wall 
should be an indication of the 
downward flow of solids in the 
annulus. The particles gradually 
slow from 2.62 in./sec. at the top 
of the bed to 1.74 in./sec. at a level 
of 10 in. from the base of the col- 
umn (Figure 8), indicating that 
there is a steady cross flow of solids 
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from the annulus into the spout 
along the bed height. Observations 
made on the fiat side of the half 
column show that the radial gradi- 
ent of particle velocity in the an- 
nulus is not appreciable; in other 
words, the solids in the annulus as 
a whole are moving downward at 
velocities indicated at the column 
wall. The flow of solids in the an- 
nulus, worked out on this basis, is 
plotted in Figure 12. 

Spout. Data obtained from high- 
speed motion pictures of the spout 
for the half column are shown in 
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Figure 13. The particles which 
enter the spout at the bottom re- 
ceive a sudden impulse from the 
high-velocity stream of air and ac- 
celerate rapidly from rest to a 
maximum velocity of about 25 ft./ 
sec. at a level of 7 in. from the air 
inlet. As they travel further up the 
bed, they transfer part of their 
kinetic energy to the particles 
which enter the spout from the 
annulus, thereby accelerating them 
from rest to the average particle 
velocity in the spout at that level. 
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Owing to this constant transfer 
of energy along the bed height, 
the over-all particle velocity in the 
spout rapidly falls off until it 
reaches zero at a level of 28 in. 
from the air inlet, a point 1 1/2 in. 
above the bed level, at which the 
particles reverse their direction. 
Superimposed on this effect is the 
lifting action caused on the parti- 
cles by the upflowing air in the 
spout. However, since the air veloc- 
ity in the spout drops off sharply 
above the cone, this is estimated 
to be small compared with the 
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initial energy imparted to the 
particles by the air in the cone, 
The experimental points on Figure 
13 are for the half column with a 
total superficial air velocity of 3.8 
ft./sec. In the full column the air 
velocity used was 3.72 ft./sec. 
Theoretical considerations based on 
drag coefficients indicate that the 
rising part of the particle-velocity 
curve for the full column should be 
slightly lower than the curve for 
the half column(1). The falling 
part of the curve would not be 
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significantly altered by differences 
in air-flow rates used in the half 
and full columns. 


Void Space. Annulus. The annulus 
in a spouted bed is considered 
similar to a loosely packed bed. 
The void space for such a bed of 
wheat, calculated from the meas- 
ured bulk and absolute densities, 
equals 43.2%. 

Spout. The downward solids flow 
in the annulus should equal the 
upward solids flow in the spout at 
any bed level since spouting is a 
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steady-state flow system. The solids 
flow in the annulus has been 
worked out from the data on parti- 
cle velocity at wall. Knowing the 
upward linear velocity of the par- 
ticles in the spout, the authors cal- 
culated the bulk density and void 
space in the spout, the latter being 
plotted in Figure 14. 

It has been found possible to 
calculate the void space in the spout 
from the pressure drop data as 
well. The spout can be compared 
to a vertical riser through which 
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solids are being transported by a 
stream of air. The pressure drop 
under such conditions is composed 
of(2,7) (a) a solids static head 
equivalent to the dispersed-solids 
density, (b) a solids friction loss 
due to contact of particles with air 
and with the pipe wall (the pipe 
in this case may be visualized as 
made of wheat particles), and (c) 
an acceleration pressure drop. In 
mathematical terms 


dP rotat = OP friction OP +- 
dP weight 
dPr = dPy4a + dPw (1) 
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When an incremental height of 
spout dh is considered, one may 
let the solids flow across dh =m 
Ib./sec., the solids velocity across 
dh = v, ft./sec., the cross-sectional 
area of the spout=A ft.; then 
kinetic energy associated with the 
solids at any point 


— 1 2 


Change in kinetic energy across 
ak = 


1 1 2 
d(mv, ) (3) 


If the average air velocity through 
the spout across dh=v, ft./sec. 
then the energy loss from air to 
solids across dh = 


d A. = (4) 


when air velocity and spout di- 
ameter are assumed to be constant 
across dh and substantially equal 
to the average values for the in- 
crement; dh has been taken small 
enough so that this assumption is 
valid. 

Energy gained by the solids = 
energy lost by the air 
or 


1 
d (mvp) = (5) 


changes in heat energy, potential 
energy, etc., being neglected. 


29.0.A° d (mvp ) (6) 


GP = 


It is known that 


dP» = d (ps-h) (7) 


where 9, = bulk density in spout, 
Ib./cu.ft. 

Dividing Equation (6) by Equa- 
tion (7) gives 
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Fic. 16. EFFECT OF COLUMN DIAMETER 
ON MAXIMUM SPOUTABLE BED DEPTH. 


d(ps.h) 
po (9) 


Substituting Equation (9) in 
(8) gives 


d(vp. pe) 1 
d(pp.h) 29.0. 
(10) 


TABLE 1.—SPOUTING BEHAVIOR OF VARIOUS MATERIALS, 6-IN.-DIAM. 
GLASS COLUMN, 3/8-IN. STANDARD AIR INLET 


Size, 
No. Material in. 
Brucite 0.0232 
2 Coffee beans 0.30.45 
3 Lima beans 0.50.75 
4 Mustard seeds 0.0855 
5 Rape seeds 0.0691 
6 Sunflower seeds 0.315 x0.473 
7 Oats 0.118 0.394 
8 Wheat 0.125 <0.25 
9 Peas 0.25 
10 Ottawa sand (—20+35) 0.0232 
11 Shale (—14+20) 0.0390 
12. Gravel (—4+8) 0.139 
13. Gravel (—8+14) 9.0695 
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Minimum 
Maximum _ air flow for 
Absolute spoutable spouting, 
density, bed depth, F.P.S. 
Ib./cu. ft. in. superficial 
156.5 27.5 0.56 
39.5 20.0 3.22 
83.0 11.4 4.43 
75.7 34.0 
68.9 30.0 2.01 
15.0 3.06 
19.0 2.42 
85.9 30.0 3.53 
86.6 12.0 5.31 
145.0 27.0 0.75 
128.8 36.0 1.21 
166.6 25.0 4.31 
164.0 46.0 3.27 
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Fic. 17. EFFECT OF BED DEPTH ON 
MINIMUM AIR FLOW REQUIRED FOR 
SPOUTING. 


The value of the preceding ex- 
pression for each 2-in. increment 
of the spout has been worked out 
by use of v, from Figure 13 and v, 
from Figure 11. This value, on 
substitution in Equation (1), gives 
the pressure drop per foot due to 
the solids density in the spout 
from which the voidage in the 
spout has been calculated. The re- 
sults are included in Figure 14 and 
check fairly well with the voidage 
obtained from the solids flow in 
the annulus. 


EFFECT OF MAJOR VARIABLES 
ON SPOUTING BEHAVIOR 


The effect of such variables as 
column design and physical proper- 
ties of the solids and the fluid on 
spouting behavior has been investi- 
gated. 


EXPERIMENTAL 


To study the effect of column _de- 
sign, wheat was chosen as a typical 
solid material, and air was used as 
the spouting medium. The experi- 
mental work was conducted in 4-, 6-, 
9-, and 12-in.-diam. columns. The 4- 
and 6-in. columns were made of glass 
with metal cones; the two larger col- 
umns were of sheet iron. In each 
case an 85° cone was used at the base 
of the column. Data were taken on 
the maximum spoutable bed depth 
and the air requirement for spout- 
ing by use of varying air-inlet sizes 
for each of the foregoing columns. 
Some preliminary work has been con- 
ducted in a 2-ft.-diam. Plexiglas 
column. 

For investigating the effect of the 
physical properties of solids on spout- 
ing behavior, a 6-in.-diam. glass 
column with a 3/8-in. standard pipe 
for air inlet at the base of an 85° 
(included) angle cone was used. A 
variety of solid materials of different 
sizes, densities, shapes and, surface 
characteristics were studied, air be- 
ing used as the spouting fluid. 

The major part of the work was 
done on air-solids spouting; however, 
to obtain an idea of the variation of 
fluid density on the flow required for 
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spouting, experiments were also con- 
ducted with water as the spouting 
medium. Data were taken on 3-, 4-, 
and 6-in.-diam. glass columns using 
different water inlet sizes (1/16 to 
1/2 in.) for a variety of solid ma- 
terials. With water the circulation of 
solids has some resemblance to that 
in a “teeter” (8). 

RESULTS AND DISCUSSION 

Maximum Spoutable Bed Depth. The 
maximum bed depth which can be 
made to spout has been found to 
depend upon the air-inlet diameter, 
the column diameter, and the physi- 
cal properties of the solids. 

Data on maximum spoutable bed 
depth as a function of air-inlet 
diameter for the 4-, 6-, 9-, and 12- 
in.-diam. columns, reported in Fig- 
ure 15, indicate that deeper beds 
can be spouted with smaller air- 
inlet size. The curves, however, 
tend to flatten out for higher val- 
ues of d; until a sharp break oc- 
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curs. This break represents the 
point at which the air-inlet di- 
ameter has become too large to 
cause a spout; at this point the 
bed would tend to fluidize. No ex- 
perimental observations have been 
made in this region for wheat, and 
the dotted lines merely indicate the 
expected behavior. 

The effect of column diameter on 
bed depth is clearly brought out by 
the series of curves in Figure 16, 
which shows Ame, against d, for 
different ratios of d,/d; Larger di- 
ameter columns. permit higher 
spoutable bed depths; for example, 
in the 6-in. column the spoutable 
bed depth is limited to 26 in., and 
a bed as deep as 95 in. can be 
spouted in the 12-in.-diam. column. 

Data on the maximum spoutable 
bed depths for a variety of solids 
in the 6-in.-diam. column is re 
ported in Table 1. The factors 
governing the maximum spoutable 
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bed depth are complex and possibly 
include the interparticle friction of 
the solids besides their size, shape, 
and density. A correlation of the 
data on maximum spoutable bed 
depth was not found possible at 
this stage. 


Air Flow Required for Spouting. The 
minimum air flow required for 
spouting has been studied as a 
function of bed depth, column di- 
ameter, air-inlet diameter, and 
physical properties of the solids. 
Data were taken with the wheat- 
air system to establish the effect 
of bed depth, column diameter, and 
air-inlet diameter, and the resultant 
significant trends are presented in 
Figures 17 to 19. 

Minimum air required for spout- 
ing is plotted against bed depth in 
Figure 17 for the 6-, 9-, and 12- 
in.-diam. columns. The curves in- 
dicate that the air flow for spouting 
increases with bed depth, in con- 
trast with the results in a fluidized 
bed, where the air flow is relatively 
independent of bed depth. The ef- 
fect of column diameter on air flow 
for spouting is shown in Figure 
19, which gives the superficial air 
velocity required for spouting as 
a function of column diameter. The 
series of curves in Figure 19 is for 
different values of air-inlet di- 
ameters and for a fixed /d, ratio, 
indicating that lower superficial 
velocities are necessary for spout- 
ing in larger diameter columns. 
The air required for spouting in- 
creases with air-inlet diameter, as 
is indicated by Figure 18, which 
shows data plotted for the 6-, 9-, 
and 12-in. columns for an /d, ratio 
of 38. The curve for the 12-in.-diam. 
column indicates that a sixfold in- 
crease in the air-inlet size caused 
an increase of about 35% in the 
air requirement. 

The data plotted in the forego- 
ing figures were obtained using 85° 
(included) angle cones for all the 
columns. Preliminary work on the 
24-in.-diam. column by use of a 45° 
cone indicates that spouting is 
much more stable, and the air flow 
required for spouting is consider- 
ably lower with the steeper cone. 
For a 60-in.-deep bed of wheat in 
the 24-in. column, the air require- 
ment was about 25% lower with a 
45° cone than with an 85° cone. 
In the 6-in. column, however, the 
cone angle (85°, 60°, and 45°) did 
not show any marked influence on 
either the spouting behavior or the 
minimum air flow required for 
spouting. Further work is being 
conducted to establish the effect of 
cone angle on spouting behavior in 
different-sized columns. 
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TABLE 2.—DATA ON MINIMUM AIR REQUIREMENT FOR SPOUTING OF VARIOUS 
MATERIALS, 6-IN.-DIAM. COLUMN, %-IN.-DIAM. AIR INLET 


Physical properties 


Effective 
particle 
No. Material diam., in. 
1 Peas 0.2500 
2 Wheat 0.1250 
3 Mustard seeds 0.0855 
4 Rape seeds 0.0691 
5 Ottawa sand 0.0232 
(—20+35 mesh) 
6 Gravel (—4+8 mesh) 0.1390 
Gravel (—8-+14 mesh) 0.0695 
8 Gravel (—14+20 mesh) 0.0394 
9 Gravel (—4+8) 1 0.1320 
(—8+14) 1 
10 Gravel (—8+14) 1 0.0463 
(—14+20) 1 
11 Gravel (—14+20)g1 0.0240 
(—20+35) 1 
12 Wheat | 1 0.0977 
Mustard f 1 
Wheat 1 
13. Mustard 1 0.0997 
Peas 1 


Absolute Bed Air flow, 
density, depth, ft. /sec. 
Ib./cu. ft. in. superficial 
86.6 12 5.33 
10 4.76 
8 4.15 
85.9 30 3.52 
24 3.21 
18 2.88 
12 2.44 
75.2 30 2.54 
24 2.19 
18 1.82 
12 1.44 
68.9 30 2.02 
24 1.72 
18 1.44 
12 1.15 
145 24 0.74 
20 0.68 
16 0.61 
12 0.55 
166.6 24.5 4.67 
164.0 35.6 3.18 
160.0 48.5 1.72 
165.3 3.14 
162.0 42.4 2.04 
158.0 26.5 0.82 
80.8 27.7 2.60 
82.7 2.91 


TABLE 3.—SOLID MATERIALS USED WITH WATER AS THE SPOUTING MEDIUM 


No. Material 
1 Quartz (crushed) 
2 Quartz (crushed) 
3 Catalyst (spheres) 
4 Catalyst (spheres) 
5 Alundum 
6 Ottawa sand 
7 Gravel 
8 Gravel 
9 Gravel 

10 Galena 

Brucite 

12 Brucite 


Data on minimum air require- 
ment for a variety of solid ma- 
terials are given in Table 1. The 
air requirement was determined as 
a function of bed depth also for 
relatively spherical particles; the 
results are tabulated in Table 2, 
which also includes the air-require- 
ment data at single bed depth for 
three sizes of gravel and a number 
of mixtures. 

The solid materials used with 
water as the spouting medium are 
listed in Table 3, which also gives 
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Particle size Absolute 
density, 
Tyler mesh d,, in. Ib. /cu. ft. 
20/35 0.0232 164 
14/20 0.0394 164 
6/8 0.124 219 
4/6 0.1504 219 
10/14 0.0555. 242 
20/35 0.0232 145 
8/14 0.0695 164 
14/20 0.0394 160 
20/35 0.0232 159 
20/35 0.0232 464 
8/14 0.0695 156.5 
14/20 0.0394 156.5 


the physical properties. The re- 
sults of this investigation are re- 
ported in Table 4.* The effect of 
the solids-particle size and density 
and of fluid density on fluid re- 
quirement for spouting has been 
established in the form of a dimen- 
sionless correlation. The correlation 
also includes bed depth, air-inlet 
diameter, and column diameter; 


*Table 4 may be obtained-from the American 
Documentation Institute, Photoduplication Ser- 
vice, Library of, Congress, Washington 25, 
D. C., as document 4562 for $1.25 for microfilm 
or photoprints. 
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the individual effect of these on 
air flow requirement has already 
been discussed. 


(4) (2) 


The correlation has been de- 
rived empirically on the basis of 
the data in Tables 2 and 4*; how- 
ever, the groups used may have 
theoretical significance. The plot 
of the data, based on the foot, 
pound, second system of units, is 
shown in Figure 20 for the follow- 
ing range of variables: 


d, = 0.023-0.25 in. 

= 1/16-2 1/8 in. 

0, = 69-464 lb./cu.ft. 

d, = 3-12 in. 

A= 3 1/2-106 in. 

e7 = 0.073 and 62.4 lb./cu.ft. 


For wheat, the smaller diameter 
was taken as the particle size since 
in the spout the particles would 
have a tendency to align themselves 
so as to offer a maximum resistance 
to the frictional drag of the air. 
This would be achieved when the 
smaller diameter of the wheat par- 
ticle was normal to the flow of air. 
Visual observations in the spout 
justify this assumed orientation. 
The particle diameter used in the 
correlation for other materials is 
equivalent to the average screen 
opening, as these particles are es- 
sentially isometric in shape. For 
mixtures, the arithmetic average 
diameter and an average value of 
density weighted according to the 
mass fraction has been used. 


APPLICATION TO WHEAT 
DRYING 


The spouting-bed technique pro- 
vides good contacting of gases with 
coarse solid particles in a cycling 
bed and should therefore be appli- 
cable to continuous drying. Wheat was 
used as the material tested. 

A small pilot plant was built con- 
sisting of a 12-in.-diam. dryer col- 
umn and a 9-in.-diam. cooler column 
each about 6 ft. high, connected by a 
series of overflow pipes so that dif- 
ferent bed depths might be studied. 
Steam was used to preheat the air 
to the dryer, into which wheat of a 
known moisture content was fed at 
a predetermined rate. From here it 
overflowed into the cooler, average 
retention time being dependent on 
feed rate and bed volume. 

The variables studied included in- 
let-air temperature (210° to 350°F.), 
initial moisture content of wheat (16 
to 26%, wet basis), feed rate (240 
to 600 lb./hr.), and bed depth (12 to 
48 in.). The highest inlet-air tem- 
perature used without causing dam- 


* See footnote on page 163. 
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age to the wheat was 350°F., which 
resulted in a bed temperature of 
118°F. Under these conditions 600 
lb./hr. of wheat were dried through 
a moisture range of 4%. 

The cycling motion of the bed, 
coupled with the continuous mixing 
of fresh feed with the bed wheat, 
resulted in quite low (100° to 118°F.) 
bed temperatures despite the high 
inlet-air temperatures. A substantial 
amount of the sensible heat of the 
wheat entering the cooler was avail- 
able for further moisture removal. 
Over-all heat efficiencies of 65% were 
obtained. 

The drying behavior of the wheat 
indicated that this method should be 
particularly applicable to the drying 
of thermally sensitive coarse parti- 
cles. 


COMPARISON WITH OTHER 
TECHNIQUES 

Spouting appears not to be just 
a special form of fluidizing. It can 
be applied to materials that are 
either too coarse or of too uniform 
a particle size for good fluidiza- 
tion. In fluidizing there is a net 
vertical upward motion of parti- 
cles in the center of the bed and 
a net downward motion of parti- 


cles at the wall, but the local effect - 


is one of an apparently random 
motion of fine solid particles, with 
the entire bed expanded. In spout- 
ing, the upward motion is very 
rapid and is restricted to a well- 
defined central core. In the re- 
mainder of the bed there is never 
any upward motion of particles; 
rather, a packed bed is moving 
steadily downward and, to some 
extent, inward. This steady motion 
eliminates back mixing(3,9). At 
the same time the fairly rapid bed 
turnover tends to eliminate the 
temperature differences usually as- 
sociated with conventional packed- 
bed systems. 

Studies on heat and mass trans- 
fer in a spouted bed are being con- 
ducted in order to compare the 
effectiveness of the technique with 
packed- and fluidized-bed systems. 


SUMMARY 


A study was made of the con- 
tacting of coarse solid particles 
and gases in a bed in which the 
gases forced the solids to cycle in 
a regular fashion. The flow pattern 
of both the gas and solids has been 
described, and the effect of column 
design and physical properties of 
solids and fluids on the flow rates 
required to produce spouting have 
been correlated. 
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NOTATION 
A =cross-sectional area of spout, 
sq. ft. 


d,=column diameter 

d; =fluid-inlet diameter 

d, = particle diameter 

dP, = change in static pressure due 
to friction 

dP, = change in static pressure due 
to acceleration 


dP,,=change in static pressure 
due to solids density 
g = acceleration due to gravity 
h = spout level 
i = bed depth, in. 
mag = Maximum 
depth, in. 
m = solids flow, lb./sec. 
Vv, = particle velocity in spout, ft./ 
sec. 
V,= minimum superficial fluid 
velocity for spouting, ft./sec. 


V4 = superficial air velocity through 
spout, ft./sec. 


0, = absolute density of solids, 
cu.ft. 


oy = fluid density, lb./cu.ft. 

0, = density of solids in spout, lb./ 
cu.ft. 

AP = static pressure drop, in. of 
water 


spoutable bed 
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CRITICAL CONSTANTS OF 
UNSATURATED ALIPHATIC 
HYDROCARBONS 


GEORGE THODOS 


Northwestern Technological Institute, Evanston, Illinois 


The van der Waals’ constants a andb evaluated from structural considerations 
of the unsaturated aliphatic hydrocarbons are used to calculate the critical constants 
for these types of compounds. For these unsaturated hydrocarbons, both van der 
Waais’ constants are calculated through the additive contribution of unsaturated bonds 
to the van der Waals’ constants of the corresponding saturated aliphatic hydrocarbons 
calculated according to a method previously proposed (6). 

With both van der Waals’ constants available, the critical temperatures, pressures, 
and volumes for these types of compounds can be obtained. 

By use of this approach, the critical temperatures, pressures, and volumes of 
several olefins, diolefins, and acetylenes have been calculated. These calculated values 
have been compared whenever possible with values reported in the literature to 
produce an average percentage deviation of 1.3 for the critical temperature, 3.0 
for the critical pressure, and 1.5 for the critical volume. In this comparison ques- 
tionable literature values have been included, and consequently the reported deviations 


present the worst possible expectation. 


The prediction of the critical 
constants of the unsaturated ali- 
phatic hydrocarbons is a subject 
that has received little attention 
in the past, primarily because of 
the lack of sufficient information 
from which a generalized approach 
could be established for the esti- 
mation of these critical values. 
Critical constants for a limited 
number of olefins, diolefins, and 
acetylenes are reported in the 
literature survey of Kobe and Lynn 
(3) and constitute the only data 
used in this study. From this in- 
formation a method is developed 
that can be applied for the predic- 
tion of critical constants for the 
unsaturated aliphatic hydrocarbons 
only from a knowledge of the 
chemical structure of these com- 
pounds. 

In a similar investigation deal- 
ing with saturated aliphatic hydro- 
carbons, Thodos(6) presents a 
method for estimating for this type 
of compound the pressure and vol- 
ume van der Waals’ constants a and 
b, respectively, which in turn are 
used to define the critical tempera- 
ture and pressure of these sub- 
stances through the relationships 


8a 


37 Rb (1) 
De=— (2) 
270° 


The evaluation of the van der 
Waals’ constants for the saturated 
paraffins becomes possible by tak- 
ing into account the additive con- 
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tribution of these constants in- 
volved in the successive replace- 
ment of hydrogen by methyl groups 
until the desired saturated hydro- 
carbon structure is obtained. In 
this connection the contributions 
of both van der Waals’ constants a 
and b were found to be additive 
with a°-626 and 69-76, The extension 
of this approach into the field of 
the unsaturated aliphatic hydrocar- 
bons considers the removal of 
hydrogen atoms for the formation 
of unsaturated double and triple 
bonds from the corresponding sat- 
urated paraffins to produce the van 
der Waals’ constants a and b for 
these unsaturated compounds. 

From the screened literature 
critical constants of Kobe and Lynn 
(3) the critical temperatures and 
pressures of all the olefins, diole- 
fins, and acetylenes for which val- 
ues were available were used to 
calculate the pressure and volume 
van der Waals’ constants a and b 
from the expressions 


8) 
RT. 


Both van der Waals’ constants 
resulting from Equations (3) and 
(4) are unique for the calculation 
of the critical temperatures and 
pressures; however, the use of the 
volume van der Waals’ constant b 
in the theoretical relationship 


ve = 3b (5) 
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produces critical volumes for these 
unsaturated aliphatic hydrocarbons 
that are not in agreement with the 
values reported in the literature 
(3). A similar behavior has been 
found for the saturated aliphatic 
hydrocarbons by Thodos(6), who 
modified Equation (5) in order to 
produce critical volumes consistent 
with those reported in the litera- 
ture. Thus introduction of the em- 
pirical volume factor 8 enables 
Equation (5) to assume the modi- 
fied form 


v, = 3Bb (6) 


Equation (6) when applied to 
the normal paraffins produced vol- 
ume factors 8 that were found to 
depend only on the number of car- 
bon atoms present in the molecule. 
Furthermore, it was also found(6) 
that the ratio of the volume factors 
for the isomeric paraffins to those 
of the corresponding normal paraf- 
fins maintained the approximate 
value of 1.032 and proved to be 
independent of the degree of 
branching. 

Volume factors for the limited 
number of monoolefins for which 
critical volumes are available have 
been calculated with Equation (6). 
These volume factor values 8, when 
referred to those of the correspond- 
ing saturated aliphatic hydrocar- 
bons produced the following ratios: 


Bu 

Bs 
2-Methylpropene........... 0.9725 
0.9931 


The average value of the ratio 8,/8, 
with the exclusion of the value for 
ethene was found to be 0.9931 and 
is recommended for monoolefins. A 
similar treatment of the data for 
1,3-butadiene and ethyne produced 
ratios of 0.9863 and 0.9609, re- 
spectively. As a result of this study, 
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8 
? 


the following values for the volume 


factor ratios §8,/8, are recom- 
mended: 
Bu 
Bs 
0.9931 
Diolefins...... 0.9863 


TREATMENT OF VAN DER WAALS’ 
CONSTANTS 


By means of an approach parallel 
to that carried out for the sat- 
urated aliphatic hydrocarbons (6), 
values of a°-66 and b°-76 were pro- 
duced for the unsaturated hydro- 
carbons used in this investigation 
and were compared with the values 
of the corresponding saturated 
aliphatic hydrocarbons. This com- 
parison was made in order to estab- 
lish contributions involved in the 
removal of hydrogen atoms to pro- 
duce unsaturated double and triple 
bonds. Contribution values Aa®-626 
and Ab®-*6 involved in the removal 
of hydrogen atoms to form un- 
saturated bonds were found to de- 
pend primarily on the nature of the 
carbon atoms involved before the 
removal of the hydrogen atoms. To 
differentiate between the different 
types of carbon atoms, the designa- 
tion of Andersen, Beyer and Wat- 
son(1) has been used. Their meth- 
od associates directly the type of 
carbon atom with the number of 
carbon-to-carbon bonds present in 
the saturated aliphatic hydrocar- 
bon. Thus the following structures 
constitute the types of carbon 


atoms occurring with saturated 
paraffins: 
Type 1 2 3 


Structure | 
—CH; —CH2 


4 

| | 

CH —C— 
and represent the types of carbon 
atoms always encountered in the 
introduction of the first double or 
triple bond. The contribution values 
and associated with 
the introduction of a second double 
bond have been found to depend on 
the nature of the carbon atoms di- 
rectly involved in the formation of 
the bond and the nature of the 
carbon atoms adjacent to them. The 
adjacent carbon atoms may be at- 
tached to a double bond that in- 
fluences the contribution value as- 
sociated with the introduction of 
the second unsaturated bond. This 
condition necessitates a somewhat 
different classification of carbon 
atoms, and consequently the follow- 
ing designation has been adopted: 
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Type 3 4 
H 
Structure =C= 


The contribution values Aa?-626 
and Ab?-*6 resulting from the litera- 
ture data are limited in number 
and do not as such represent all 
the possible cases that can arise. 
In order to present a larger num- 
ber of combination types, the avail- 
able information was extrapolated 
and interpolated as well as possible 
to produce the average contribu- 
tion values reported in Table 1. 


1-Butene 


CALCULATION OF CRITICAL 

CONSTANTS 

To illustrate the use of the meth- 
od proposed in this investigation, 
the critical temperatures, pres- 
sures, and volumes of 1-butene, 1, 
3-butadiene, and 1-butyne will be 
considered. For each of these sub- 
stances, van der Waals’ constants 
a and b must be produced, from 
which the critical temperature, 
pressure, and volume can be calcu- 
lated. The van der Waals’ constants 
for these unsaturated hydrocar- 
bons can be calculated from the 
van der Waals’ constants of the 
corresponding saturated paraffins. 
Thus from the work of Thodos(6)_ 
for n-butane, a®-626 = 29,379, b°.76 
= 37.1387, and 8, = 0.7314. 


a = 12.603 X 10° (ce./g.mole)? atm., b = 108.36ce./g. mole 
8a 8 (12.608 < 106) 


27 Rb 27 (82.055) (108.36) 


— 1,518 — 1.940 
a9-626 — 27,861; —35.197 

420.1°K. 


a 12.608 < 106 


27 b2 27 (108.36)2 


=39.77 atm. 


for monoolefins: = 0.9931; therefore, 8, 0.9931 (0.7314) = 0.7264 
v, = 36,, = 3(0.7264) (108.36) = 236.1 cc. g. mole 
Kobe and Lynn(3) report for 1-butene critical values of 419.6°K., 39.7 atm., 


and 239.7 ec./g. mole. 


1,3-Butadiene 
n-butane 


from Table 1,; first double bond (1-2).......... — 1,518 — 1.940 
second double bond — 1,549 
a9-626 — 27,069; bY-76 —33.648 
a=12.041 x 10° (ce./g. mole)? atm., b= 102.13 cc./g. mole 
8a 8 (12.041 < 106) 
T.= - = 495.7°K, 
27Rb 27 (82.055) (102.13) 
a 12.041 X< 106 
P= = = 42.76 atm. 


27 b2 


27 (102.13)2 


for diolefins: 8/8, = 0.9863; therefore, 8,, = 0.9863 (0.7314) = 0.7214 
v, = 88,,b = 3(0.7214) (102.13) = 221.0 ce./g. mole 
Kobe and Lynn(3) report for 1, 3-butadiene critical values of 425.2°K., 42.7 


atm. and 220.8 ec./g. mole. 


1-Butyne 
n-butane 
from Table 1, triple bond (1-2) 


a = 13.027 X 108 (ec./g. mole)? atm., b = 108.04 cc./g. mole. 
8a 8 (13.027 < 106) 


; 27 Rb 27 (82.055) (103.04) 
a 13.027 X 106 


"27 (103.04)2 


Pe 


~ 97 b2 


29,379 37.137 
— 942 — 3.260 
49-626 — 28.437; — 33.877 
= 456.5°K. 
== 45.44 atm. 


for acetylenes: 8,,/8, = 0.9609; therefore 8,, = 0.9609 (0.7314) = 0.7028 
v, = 88,6 = 8 (0.7028) (103.04) = 217.2 ce./g. mole. 
Kobe and Lynn(3) report for 1-butyne a critical temperature of 463.7°K. and 


no critical pressure and volume. 
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COMPARISON OF CALCULATED AND REPORTED CRITICAL TEMPERATURES, PRESSURES 


AND VOLUMES FOR SOME OLEFINS, DIOLEFINS, AND ACETYLENES 


CALCULATED VAN DER WAALS’ CONSTANTS AND 


TABLE 2. 


Vo 


n-butane 
from Table 1, first double bond (1-2) 
) | 


= Gal 


< 
~ 
vo 
% 

=) 

Ay 

=) 

= 

v 

3) 3 

~ 

C) ~ 

a 

< 

Aa 
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OMPARISON 


J 


AND VOLUMES FOR SOME OLEFINS, DIOLEFINS, AND ACETYLENES 


CALCULATED VAN DER WAALS’ CONSTANTS AND C 
Calculated van der Waals’ Constants 


TABLE 2. 
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b 


cc./g. mole 


9 


(cc./g. mole) 


p. atm. cc./g. mole 


/ 


v., cc./g. Mo 


p,, atm. 


atm. 


+626 


Olefins 


—5.10 


—0.02 


0.00 
0.02 
2.71 


123.6 
238.7 


39.5 


283.1 


129.9 


50.51 


283.1 


57.49 
108.51 


1 


4.507 x 10° 
12.556 
16.620 
66.898 

148.62 


21.742 


14,633 
27,790 
79,197 

130,533 


2.22 


0.00 


417.9 
164.8 


244.0 
293.0 
680.2 


1049 


39.50 


4117.8 
452.2 
660.8 
788.8 


35.234 
41.076 
88.685 
142.173 


2-Methylpropene...... 


33.9 


34.94 


32.73 
365.56 


« 


3-Methyl-l-butene 


18.54 


11.89 


TePOdecene. 


680.38 


Diolefins 


—0.11 


—0,12 —0.14 


220.8 


42.7 


42.76 221.0 


425.7 


3 


102.1 


12.040 
16.330 
21.732 


33.648 


€ 


27,069 
32.760 


1, 3-Butadiene......... 


271.9 


36.92 


32.70 


460.7 


127.98 


3 


39.94 


1, 4-Pentadiene........ 


1.46 


07.6 


5 


327.1 


00.2 


5 


156.90 


46.629 


1, 5-Hexadiene........ 


* 
* 
S 
=e 
| 
90 
| 


112.7 


61.6 
52.8 


309.2 
401.2 


€ 
« 


112.5 
165.7 


61.61 
53.86 


309.2 
405.2 


51.48 
77.16 


4.408 


14,431 19.992 
22,020 27.191 8.658 
Complete table is available from the American Documentation Institute, Photoduplication Service, Library of Congress, Washington 25, D. C., as document 4559, obtainable for $1.25 for 


{Deviations of 1-pentene, 2-pentene, and 2-methyl-2-butene not included. 
microfilm or photoprints. 


{Deviations of propadiene and 2-butyne not included. 
**Deviation of ethene not included. 


*All deviations included in average value. 
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TABLE 1.—CONTRIBUTION VALUES, 
Aa®-626 AND Ab9-76, INVOLVED IN THE 
REMOVAL OF HYDROGEN ATOMS FROM 
SATURATED ALIPHATIC HYDROCARBONS 
TO PRODUCE UNSAfURATED BONDS 


A. First double bond 
1-1 —1,941 —2.126 
2-1 —1,518 —1.940 
2-2 —1,204 —2.123 
3-1 — 801 — 1.692 
3-2 — 561* —1.858* 


B. Second double bond 


3-1 610* —1.158* 
3-1 —1.814* 
3-2 — 428* —1811* 
3-2 ~ 670*  —1.978* 
3-3 637* —2.142* 
3<—2-1 ~ 792 ~1.549 
3<—2-2 610* ~1.68* 
4<—2-1 —~ 750* . -1.615 
C. Triple bond 
1-1 ~2,143 ~3.876 
1-2 — 942 ~3.260 
2-2 628* —3.443* 


*Estimated values. 

Arrow points away from the car- 
bon atoms involved in the formation 
of unsaturate bonds and toward the 
type of carbon atoms adjacent to 
them. 


COMPARISON OF RESULTS 


Following a similar approach, 
the critical temperatures, pres- 
sures, and volumes of forty-four 
unsaturated hydrocarbons, includ- 
ing olefins, diolefins, and acety- 
lenes, have been calculated and ap- 
pear in Table 2, where the calcu- 
lated values are compared with 
those available in the literature (3) 
to produce average absolute devia- 
tions of 1.3% for the critical tem- 
perature, 3.0% for the critical pres- 
sure, and 1.5% for the critical vol- 
ume. In these comparisons ques- 
tionable literature values have 
been included and consequently the 
foregoing deviations present the 
worst possible expectation. 

In order to compare the validity 
of the present method, critical val- 
ues have been calculated by the 
methods of Riedel(4, 5) and Lyder- 
sen(2). Riedel utilizes a method 
involving group contributions and 
the molecular weight to calculate 
the critical pressure(4) and the 
normal boiling point to establish 
the critical temperature(5). Lyder- 
sen(2) refines the method of Rie- 
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del(4,5) and extends his work to 
include the critical volume. Criti- 
cal values for the unsaturated 
aliphatic hydrocarbons, for which 
literature data are available and 
appear in Table 2, have been calcu- 
lated by these methods and com- 
pared to produce the following 
average percentage deviations: 


Critical This 

value (4,5) (2) work 
Temperature 153 i By 1.30 
Pressure 3.58 3.70 2.99 
Volume seas 1.97 1.50 


The comparisons in the present 
investigation appearing in Table 
2 point to significant deviations of 
critical temperature for propadiene 
and 2-butyne, of critical pressure 
for the pentenes and 2-methyl-2- 


butene, and of critical volume for 
ethene. If the deviations for these 
compounds are not included in the 
over-all average values, the devia- 
tions become 0.78% for the critical 
temperature, 0.63% for the criti- 
cal pressure, and 0.90% for the 
critical volume. 


NOTATION 


= pressure van der Waals’ con- 
stant, (cc./g. mole)? atm. 
b=volume van der Waals’ con- 

stant, cc./g. mole 
p, = critical pressure, atm. 
R=gas constant, 82.055 (atm.) 
(ec.) / (g. mole) (°K.) 
T,= critical temperature, °K. 
V, = critical volume, cm./g. mole 
8,= volume factor for saturated 
aliphatic hydrocarbons 


CRITICAL CONSTANTS OF 
SATURATED ALIPHATIC HYDROCARBONS 


Through the use of group contributions the van der Waals’ constants, a and 5b, 
were estimated for a number of saturated aliphatic hydrocarbons from a knowledge 
of the chemical structure of these compounds and were used to define the critical 
temperature and pressure of these substances. 

By the use of methane as the base group, both van der Waals’ constants were 
estimated for a number of saturated aliphatic hydrocarbons of considerable size 
and complexity through the additive contribution of methyl groups in the sec- 
cessive substitution of hydrogen until the desired structure of the substance was 
obtained. For the normal saturated hydrocarbons these contributions were found 
to be additive for the evaluation of a’ and 6b’ up through n-octane, and 
these exponents have been assumed to apply in the scaling up of larger normal 
and isomeric hydrocarbon molecules for which experimental data are lacking. 

The volume van der Waals’ constant b alone serves to define the critical volume of 
these compounds through the expression v- = 3 8 b, where 8 represents a factor which 
has been found to depend on the size and arrangement of the molecule. 

By following this procedure the critical temperatures, pressures and volumes of the 
normal saturated hydrocarbons through eicosane (C»Hiw2), inclusive, and all the 
isomeric hydrocarbons up to and through the nonanes were calculated and compared, 
whenever possible, with values already available in the literature with an agreement 
of 0.43% for the estimation of the critical temperature, 0.69% for the critical 
pressure, and 0.86% for the critical volume. A combined consideration of these 
average deviations points to the estimation of the critical constants of the aliphatic 
saturated hydrocarbons with an average error of 0.7%. 


The ever-present problem of the 
prediction of the critical constants 


Complete tabular matter is available from 
the American Documentation Institute, Photo- 
duplication Service, Library of Congress, 
Washington 25, D. C., as document 4563 for 
$1.25 for microfilm or photoprints. 
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of substances has received con- 
siderable attention from a number 
of investigators. For the estima- 
tion of the critical values some of 
the common physical properties of 
a substance such as density, nor- 
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8,, =volume factor for unsaturated 
aliphatic hydrocarbons 
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mal boiling point, molecular weight, 
and surface tension have been used 
as correlating variables. When in- 
formation is available, these proper- 
ties prove satisfactory for estimat- 
ing the critical constants for a 
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number of compounds, but fre- 
quently the required information 
on the physical properties of sub- 
stances is not readily available. 
For the estimation of the criti- 
cal temperature of a compound, 
Watson(13) proposed a method 
which uses the normal boiling 
point, liquid density at this tem- 
perature, and the molecular weight 
of the substance. For some normal 
saturated paraffins, Wan(12) was 
able to predict critical temperatures 
from molar refraction. Gamson and 
Watson (4) defined the critical pres- 
sure of hydrocarbons through a 
vapor-presure equation of the re- 
duced state, Meissner and Redding 
(8) introduced the use of the para- 
chor and normal boiling point, and 


Fiticoy 
= Le, 
er, 


Pressure 


Soturated Liquid 


Molar Volume 


Fig. 1. TYPICAL PRESSURE-VOLUME 
RELATIONSHIP OF A SUBSTANCE AT ITS 
CRITICAL ISOTHERM. 


Herzog(5) followed a similar pro- 
cedure to present the critical con- 
stants for a number of hydrocar- 
bons. Boas(2) used the Albertosi 
equation in reduced form to esti- 
mate the critical temperatures of 
organic compounds from liquid 
density data which when associated 
with viscosity data in the Souders 
equation also make possible the 
estimation of critical densities. Rie- 
del(10,11) through the use of 
group contributions, the normal 
boiling point, and molecular weight 
of a substance was able to predict 
the critical temperature and pres- 
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sure of substances. The work of 
Riedel was refined and extended to 
include the critical volume by 
Lydersen(6). These methods, al- 
though valuable in themselves, are 
frequently inconvenient to apply 
because of the lack of some one 
needed physical property. Michael 
and Thodos(9) estimated the para- 
chor from a knowledge of the 
chemical structure of hydrocarbons 
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Fig. 2. RELATIONSHIPS OF PRESSURE 

VAN DER WAALS’ CONSTANT a VS. 

NUMBER OF CARBON ATOMS PER MOLE- 

CULE FOR THE LIGHT NORMAL PARAF- 
FINS. 


and used it for the estimation of 
van der Waals’ constants, which in 
turn define the critical temperature 
and pressure of these compounds. 
Although this method is capable of 
predicting critical constants with 
an absolute average error of 1.8%, 
its use for various types of hydro- 
carbons demands the determination 
of the parachor from which the 
van der Waals’ constants can be 
calculated. 

The present investigation was 
undertaken objectively to establish 
the van der Waals’ constants di- 
rectly from a knowledge of the 
chemical structure of the compound 
without any recourse to parachor 
evaluation. 


RELATIONSHIPS OF CRITICAL 
CONSTANTS AND VAN DER 
WAALS’ CONSTANTS 

The pressure-volume relationship 
of real gases at isothermal con- 
ditions as expressed by the van der 
Waals’ equation of state: 


(1) 


v 
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makes possible the development of 
fundamental expressions relating 
the critical temperature, pressure, 
and volume of pure substances with 
their van der Waals’ constants. In 
this connection, use is made of the 
pressure-volume relationship at the 
critical isotherm which is continu- 
ous and exhibits an inflection point 
of zero slope at the critical pres- 
sure and volume of the substance. 
This behavior is illustrated for a 
typical case in Figure 1, from 
which it is apparent for this re- 
stricted case of isothermal con- 
ditions at the critical temperature 
that [Op/Ov]7,=0 and 
Ov?]7, = 0. By application of these 
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Fic. 3. RELATIONSHIPS OF VOLUME 
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restrictions to the critical isotherm, 
it is possible to define the critical 
volume, temperature, and pressure 
of a substance in terms of the van 
der Waals’ constants a and b. These 
developments have been presented 
by Dodge(3), the final results be- 
ing summarized as follows: 


v, = 3b (2) 
Sa 
and 
(4) 
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TABLE 1.—CRITICAL TEMPERATURES AND PRESSURES AND CALCULATED VAN DER 
WAALS’ CONSTANTS FOR THE LIGHT NORMAL SATURATED HYDROCARBONS 


425.165 


By use of Equations (2), (3), 
and (4), it is possible to define 
both van der Waals’ constants in 
terms of the critical temperature 
and pressure of a substance: 


64p, (5 

and 
RT, 
6) 


Equations (5) and (6) permit 
the evaluation of the van der Waals’ 
constants from the critical tem- 
perature and pressure of the sub- 
stance and conversely the critical 
temperature and pressure of a sub- 
stance becomes possible of defini- 
tion through a knowledge of the 
van der Waals’ constants with the 
aid of Equations (3) and (4). 


FUNDAMENTAL 
CONSIDERATIONS 


The recent exhaustive literature 
survey of Kobe and Lynn(7) deal- 
ing with the critical constants of 
substances was used as the source 
of critical data from which van der 
Waals’ constants were calculated 
with the aid of Equations (5) and 
(6). The critical values recom- 
mended by these authors represent 
the best constants available to date 
and consequently have been ac- 
cepted as sufficiently reliable to 
evaluate from them the van der 
Waals’ constants a and b, which 
were studied further in detail. For 
purpose of presentation, the criti- 
cal constants of the normal sat- 
urated hydrocarbons from methane 
through mn-octane have been pre- 
sented in Table 1 along with the 
corresponding van der Waals’ con- 
stants calculated from them. A 
study of these constants reveals 
that their variation with the num- 
ber of carbon atoms is not linear 
but instead curved, as shown in 
Figures 2 and 3. 

In order to obtain linear varia- 
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Van der Waals’ Constants 


a 
(cc. /g.-mole)? b 

p,, atm. atm. cc./g.-mole 
45.8 2.264 x 108 42.79 
48.2 5.499 65.00 
42.0 9.257 90.35 
37.5 13.692 116.29 
33.0 18.824 144.70 
29.9 24.503 174.22 
27.0 30.696 205.20 
24.6 37.432 237.40 


TABLE 2.—METHYL GROUP CONTRI- 
BUTIONS Aa?.626 AND Ab0.76 IN THE 
REPLACEMENT OF HYDROGEN FROM 
SATURATED ALIPHATIC HYDROCARBONS 


Base group values 
-76 
Methane 9509 17.371 


Methyl Group Contributions in the Re- 
placement of Hydrogen from Methane 
Aq? +826 Ab 
7065 6.497 


Methyl Group Contributions in the Re- 
placement of Hydrogen from Saturated 
Aliphatic Hydrocarbons 


Aa? A\b°-76 
6388 6.583 
6417 6.686 
5742 5.450 
5968 4.870 
Le 2 5629 6.475 
5250 5.065 
i<—2-> 4 5189 4.351 
4865 4.663 
4758 3.882 
5137 3.481 
1 
SZ 4575 4.455 
Y 
1 
1 
4087 3.471 
Y 
1 
4082 3.658 
1 
3814 2.984 
Vv 
1 
Y 
1 
2X32 3770 2.401 
2 
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tions, both constants a and b were 
arbitrarily raised to different ex- 
ponents, m and v7 respectively, until 
linear distributions of a” and b* 
were realized with the number of 
carbon atoms present in the chain 
length. A trial-and-error procedure 
revealed that values of m = 0.626 
and n= 0.76 produced good linear 
relationships for all the normal 
saturated hydrocarbons from pro- 
pane through n-octane. Since the 
critical values for the normal 
hydrocarbons used in this analysis 
are well established and represent 
considerable accuracy and_ since 
establishing a method applicable to 
hydrocarbons in general is desired, 
these exponents have been assumed 
to apply in the same manner to the 
isomeric hydrocarbons as well. 

An exhaustive analysis of the 
calculated van der Waals’ constants 
a and b raised to the 0.626 and 0.76 
powers, respectively, indicated that 
there exists an additive contribu- 
tion in the substitution of hydro- 
gen by a methyl group. Changes in 
the values a’-626 and 69-76, desig- 
nated as and Ab®-*6, appeared 
to be consistent as postulated by 
Andersen, Beyer, and Watson(1) 
for comparable substitutions in the 
evaluation of the thermodynamic 
properties of compounds. The 
classification of the types of carbon 
atoms involved in these studies has 
been arbitrarily selected to be that 
proposed by Andersen, Beyer, and 
Watson(1), summarized as follows: 


Type 1 2 3 4 
! 

Structure -CH; -—CHe -—CH —-C- 


In the present study it was found 
that the values Aa®-626 and Ab?®:76 
were dependent not only on the 
type of carbon atom on which the 
methyl group substitution was 
made, but were also influenced by 
the nature of the carbon atoms ad- 
jacent to the carbon atom. There- 
fore, it became necessary to associ- 
ate both the type of carbon atom 
directly involved in the substitu- 
tion and also the nature of the car- 
bon atoms immediately surround- 
ing it. The results of a detailed 
analysis of the available data for 
all the saturated aliphatic hydro- 
carbons through the octanes pro- 
duced the average group contribu- 
tions for both and Ab?.76 
appearing in Table 2. In this table 
the designation given to the type 
of carbon atom involved in the sub- 
stitution has arbitrarily 
tagged as the one from which the 
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arrows point away and toward the 
types of carbon atoms adjoining it. 
For instance, the designation 
3-<1 indicates the substitution 
of a hydrogen atom by a methyl 
group on a carbon atom of type 1 
(— CH.) adjoined to a carbon atom 


of type 3 (-—CH). Thus, the follow- 


| 
ing structures are representative 
of this kind of substitution: 


CHs 


CH: CHe 
| | 
-CH2-CH-CH2- —+ -CH»-CH-CH2- 


The designation 2-<2->-2 in- 
dicates the substitution of a 
methyl group for hydrogen on a 


type 2 carbon atom (-CH.) ad- 
joined on both sides by carbon 
atoms of similar type. For this 
case this type of substitution sug- 
gests the following structural 
transformation: 


CHs 
| 
-CH2-CH2-CH»- --» -CH»-CH-CH>- 


Furthermore, the designation 


2<—3—1 
l 
considers the methyl group sub- 
stitution on the type 3 carbon 
| 
atom (—CH) for its hydrogen 
| 
atom to produce the resulting struc- 
ture: 


CHs 
| 
-~CH:-CH-CH; —» -—CH2—-C-CH; 
| | 
CH: 


Through this proposed method 
the evaluation of both a®-626 and 
b°-*6 for the normal saturated hy- 
drocarbons is direct and no am- 
biguity can arise, because the con- 
Structive process for building up 
molecules consists of successive 
methyl group substitutions for the 
hydrogen atoms present at the end 
of the hydrocarbon chain. However, 
considerable ambiguity can arise in 
the introduction of methyl groups 
to produce branched chain hydro- 
carbons because the order of these 
substitutions can be varied. For 
this reason the following sequence 
pattern has been adopted in the 
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construction of molecular struc- 
tures for branched hydrocarbons: 


1. Construct the longest normal 
chain present in the hydrocarbon. 

2. Produce only single methyl group 
substitutions directly on the normal 
chain beginning from the left end of 
the normal chain and moving always 
in a clockwise direction. 

3. If necessary, continue methyl 
group substitutions on already substi- 
tuted methyl groups by maintaining 
the previously established clockwise 
direction until the desired structure 
is realized. 


In accordance with this approach 
van der Waals’ constants for all the 
saturated aliphatic hydrocarbons 
were calculated and were found to 
agree closely with those obtained 
directly from the critical values of 
Kobe and Lynn(7). 

Since Equations (5) and (6) 
utilize the eritical temperature and 
pressure to define both van der 
Waals’ constants, compatibility 
necessarily must exist between the 
critical temperature and pressure 
with both van der Waals’ constants 
a and b. An extension of this back- 
ground to consider the critical vol- 
ume in this study produced results 
that were not consistent with the 
theoretical development presented 
in Equation (2). Van der Waals’ 
constant b when divided into the 
critical volumes reported in the 
literature(7) produced ratios in- 
consistent with the value of 3 dic- 
tated by Equation (2) and varied 
from 2.314 for methane to 2.065 
for n-octane. In view of this be- 
havior Equation (2) has been modi- 
fied in order to produce with the 
volume van der Waals’ constant }, 
critical volumes that are consistent 
with those reported in the litera- 
ture. With the introduction of the 
empirical volume factor, 8, Equa- 
tion (2) becomes 


v. = 3Bb (7) 


where 8 has been found to be a 
function of the number of carbon 
atoms in the hydrocarbon and to 
depend on the arrangement of the 


TABLE 3. 


molecule. The volume factor, 8,, for 
the normal paraffins can be defined 
as 


Bn = 0.7849 — 0.01337, (8) 


where 7, represents the number of 
carbon atoms present in the normal 
paraffin. A review of volume fac- 
tors, 8, revealed that this factor re- 
mained essentially constant for 
isomeric paraffins having the same 
number of carbon atoms and de- 
creesed with increasing molecular 
weight of the hydrocarbon. The re- 
sulting average values of 8; for the 
isomers when divided by the vol- 
ume factor of the corresponding 
normal paraffin produced essential- 
ly constant ratios as indicated: 


8, 
1.032 


By elimination of the value for 
the pentanes, the average value of 
the ratios $;/8, resulting from the 
value for butanes, hexanes, hep- 
tanes, and octanes becomes 


ie = 1.032 (9) 

Bn 
where 8; represents the volume fac- 
tor for any isomeric paraffin and 
8,, is the volume factor of the cor- 
responding normal paraffin as cal- 
culated by Equation (8). Combin- 
ing Equations (8) and (9) results 
in an expression defining the vol- 
ume factor of isomeric paraffins, 8; 


8B; = 0.8100 — 0.0138. (10) 


For the normal paraffins pentane 
through dodecane, critical volumes 
have been calculated by the present 
method and that of Boas(2), who 
utilized liquid density and viscosity 
data to estimate the critical 
density. The critical volumes pro- 
duced by both methods are pre- 
sented in Table 3 along with the 
available literature values. They 


COMPARISON OF CALCULATED CRITICAL VOLUMES 


OBTAINED BY THE METHOD OF BOAS (2) AND THE PRESENT 
INVESTIGATION FOR SOME NORMAL PARAFFINS 


A.L.Ch.E. Journal 


Calculated critical volumes, cc. /¢.-mole 


This 
Literature (7) 30as (2) Investigation 
310.99 305.98 311.42 
368.25 366.68 368.47 
426.38 424.58 425.71 
490.21 484.60 182.80 
544.59 539.56 
604.67 595.59 
665.39 650.63 
725.74 704.66 
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—0.14 
—2.60 

4.42 


—0.06 


Percentage deviation 
Pe 
—0.09 
—1.27 
0.14 
—1.76 


—0.02 
—0.62 


v,, cc./g.-mole 
310.99 
303.15 
368.25 
366.68 


31.6 
29.9 
30.7 


HYDROCARBONS 
33.0 


Literature values (7) 


p,, atm. 


469.8 
433.8 
507.9 
489.4 


T,, °K. 


v,, cc./g-mole 
311.42 
311.04 
368.47 
350.48 


33.33 
32.00 
29.86 
31.24 


Calculated critical constants 
atm. 


Lay 
469.9 
436.5 
507.3 


’ CONSTANTS AND COMPARISON OF CALCULATED AND REPORTED CRITICAL 
489.4 


144.58 
139.92 
174.29 
160.63 


atm. 
18.816 x 108 
16.914 
24.486 


(cc./g.-mole)? cc./g.-mole 
21.768 


+76 
43.823 
42.743 
50.509 


TEMPERATURES, PRESSURES, AND VOLUMES FOR THE LIGHT SATURATED ALIPHATIC 
47.471 


TABLE 4.—CALCULATED VAN DER WAALS 
Calculated van der Waals’ constants 


626 
35,796 
33,486 
42,213 
39,215 


4-Methylheptane........... 
2, 5-Dimethylhexane........ 
2, 2, 4-Trimethylpentane ... 


2, 2, 3-Trimethylbutane..... 


3-Methylhexane............ 


2, 2-Dimethylbutane....... . 


2, 2-Dimethylpropane....... 


n-Hexane. :.... 


TABLE 5.—CALCULATED VAN DER WAALS’ CONSTANTS AND CRITICAL 
TEMPERATURES, PRESSURES, AND VOLUMES FOR SOME OF THE HEAVIER 
SATURATED ALIPHATIC HYDROCARBONS 


Van der Waals’ constants 


a 


(cc./g.-mole)? 
atm 


Nonanes 
n-Nonane 44.625 x 
3-Ethylheptane 42.069 
2, 5-Dimethylheptane 41.526 
4, 4-Dimethylheptane 40.200 
2, 2, 3-Trimethylhexane 39.054 
2, 3, 5-Trimethylhexane 40.109 
2, 2, 4, 4-Tetramethyl- 
pentane 37.876 
Normal saturated hydrocarbons 
n-Decane 52.298 
n-Pentadecane 97.052 
n-Eicosane 151.40 


show good agreement through n- 
octane. For the normal paraffins 
above n-octane, no absolute com- 
parisons can be made with the 
calculated critical volumes because 


Calculated critical constants 


b 
CC:/ 
ce./g.-mole 7,°K. p,, atm. g.-mole 
270.62 595.4 22.57 539.6 
254.31 597.3 24.09 523.2 
256.44 584.7 23.39 527.6 
245.44 591.4 24.72 505.0 
238.24 591.9 25.48 490.2 
248.55 582.7 24.04 511.4 
240.40 568.9 24.27 494.6 
304.87 619.4 20.84 595.6 
489.30 716.2 15.02 857.8 
692.47 789.5 11.69 1075 


of the lack of literature values. The 
method of Boas(2) produces for 
these heavier hydrocarbons critical 
volumes that are somewhat higher 
than those predicted by the present 
method. 


ILLUSTRATION A 


In order to illustrate the utility of 
the proposed method, van der Waals’ 
constants a and 6 are calculated for 
2, 2, 4-trimethylpentane, from which 
all the critical constants are evalu- 
ated. Beginning with methane, the 


van der Waals’ constants are cal- 
culated by the successive substitutions 
on methane to produce n-pentane, and 
then side chain substitutions are made 
in the order of 2, 4, and 2 as outlined 


below: 


Methane-base group 
Primary methyl substitution 
Secondary methyl] substitutions 

1<—2 > 2 


1 


a=33.010 10 (cc./g.-mole)? atm. 


9509 17.371 
7065 6.497 
6388 6.583 

6417 6.686 

6417 6.686 

5261 5.879 

5261 5.879 

4575 4.455 

— 50,893 9-76 — 60,036 


b=218.78 cc./g.-mole 


8a 8 X33.010 10° 


from Equation (3) T7,=—— 


27Rb 17X82.055X218.78 
a 33.010 108 


and Equation (4) p, = 


=544.8° K. 


2762 (218.78)? 


=25.54 atm. 


The volume factor £6; for this hydrocarbon becomes through the use of Equation (10) 
B;=0.8100 —0.0138 (8) =0.6996 


By use of Equation (7) the critical volume of this isometric paraffin becomes 
V, = 3(0.6996) (218.78) = 459.2 ec./g.-mole. 


Kobe and Lynn(7) report for 2, 2, 4-trimethylpentane critical values of 


544.1°K., 25.4 atm., and 470.0 cc./g.-mole. 


ILLUSTRATION B 


The evaluation of van der Waals’ 
constants a and 6 and the correspond- 
ing calculated critical temperature, 
pressure, and volume is presented for 
2-methyl-3-ethylpentane in order to 
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illustrate a case in which a methyl 
substitution is made on an already 
substituted methyl group. The order 
of methyl group substitutions will 
be along the following pattern: 
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Methane—base group ................ 
Primary methyl substitution........... 


Secondary methyl substitutions 


a =33.702 X 108 (cc./g.-mole)? atm. 


8a 8 X33.702 x 108 


c 


 27Rb 82.055 214.00 


The volume factor, 8,;, for 2-methyl- 
3-ethylpentane is the same as that 
calculated for 2,2,4-trimethylpentane 
presented in illustration A. Therefore 
the critical volume of 2-methyl-3- 
ethylpentane becomes 


2762 27 (214.00)? 


9509 17.371 
7065 6.497 
6388 6.583 
6417 6.686 
6417 6.686 
5261 5.879 
4758 3.882 
5742 5.450 
°-6% b°-76 = 59,034 
b=214.00 cc./g.-mole 
=568.6° K. 
=27.26 atm. 


V, = 3(0.6996) (214.00) = 449.12 cc./ 
g.-mole. 
Kobe and Lynn(7) report for 2- 
methyl-3-ethylpentane critical values 
of 568.2°K., 27.4 atm., and 449.68 cc./ 
g.-mole. 


A direct comparison of critical 
temperatures, pressures, and vol- 
umes calculated by this method and 
those reported by Kobe and Lynn 
(7¥ is presented in Table 4.* In 
this table are also included the 
calculated van der Waals’ constants 
a and 6b resulting from the present 
group contribution method and the 
Aa?-626 and Ab®-76 values appearing 
in Table 2. As a result of these 
comparative studies on thirty-eight 
saturated aliphatic hydrocarbons 
for which literature values are 
available, an average percentage 
deviation for the critical tempera- 
ture of 0.43, for the critical pres- 
sure of 0.69, and for the critical 
volume of 0.86 was found to exist. 
In view of these percentage devia- 
tions, it is safe to assume that the 
critical temperature, pressure, and 
volume for the saturated aliphatic 
hydrocarbons can be estimated by 
the proposed method with an aver- 
age deviation of 0.7%. 

A comparison of the proposed 
method with a similar scheme of 
Riedel(10, 11) has been carried out. 
The method of Riedel(11) utilizes 
group contributions and the normal 
boiling point of the substance to 
predict the critical temperature. 
For the thirty-eight saturated ali- 
phatic hydrocarbons studied, the 
average deviation for the predic- 
tion of the critical temperature 
amounts to 0.74%. For the estima- 
tion of the critical pressure Riedel 
(10) is able to treat adequately the 


* See footnote on page 168. 
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normal paraffins, but because of in- 
consistencies is unable to account 
properly for the critical pressures 
of branched chain paraffins. Despite 
this limitation, Riedel proposes the 
use of a common group contribu- 
tion for the different types of car- 
bon atoms existing in the aliphatic 
saturated hydrocarbons to produce 
with the aid of the molecular 
weight, critical pressures for 
branched chain paraffins. For the 
thirty-eight compounds  investi- 
gated, the critical pressures calcu- 
lated by the method of Riedel gave 
an average deviation of 5.78%. 

Hougen, Watson, and Ragatz 
(6) present the method of Lyder- 
sen which has been used to calcu- 
late all the critical constants of the 
paraffins for which literature data 
are available. Lydersen improves 
on the method of Riedel by produc- 
ing refined group contributions to 
predict both the critical tempera- 
ture and pressure of substances and 
extends this work to include the 
critical volume. A careful study of 
the thirty-eight paraffins treated 
above produced critical tempera- 
tures, pressures, and volumes that 
showed an average deviation of 
0.50, 3.82 and 2.03% respectively. 
A review of the results produced 
by the method of Lydersen shows 
that the critical temperatures can 
be evaluated with a high degree of 
precision and the greatest uncer- 
tainty lies in the estimation of the 
critical pressure. 

For completeness, the critical 
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constants of all the saturated non- 
anes and the normal saturated hy- 
drocarbons from n-decane through 
n=eicosane inclusive, have been cal- 
culated and are presented in Table 
5* along with the corresponding cal- 
culated van der Waals’ constants. 
For these hydrocarbons no com- 
parisons can be made since the 
literature does not present the re- 
liable experimental values needed. 


NOTATION 

a@= pressure van der Waals’ con- 
stant, (cc./g.-mole)?, atm. 

b=volume van der Waals’ con- 
stant, cc./g.-mole 

m,n = arbitrary constants 

0.626, » = 0.76) 

N,= number of carbon atoms in 
saturated aliphatic hydrocar- 
bon 

= pressure, atm. 

p, = critical pressure, atm. 

R=gas constant, 82.055 (atm.) 
(ec.) / (K.°) (g.-mole) 

T = temperature, °K. 

T, =critical temperature, °K. 

= molar volume, cc./g.-mole 

v, = critical volume, cc./g.-mole 

8 = volume factor 

8,= volume factor for isomeric 
paraffins 

8,, = volume 
paraffins 

A =change in the substitution of 
hydrogen by a methyl group 
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SURFACE TENSION AND THE 
PRINCIPLE OF CORRESPONDING 


STATES 


James R. Brock and R. Byron Bird, University of Wisconsin, Madison, Wisconsin 


Experimental surface-tension data for pure substances have been correlated suc- 
cessfully by the use of two recent modifications of the principle of corresponding 
states. The results are expressed in terms of simple analytical relations which allow 
one to calculate the surface-tension curves either from the critical constants P., V,, 
and T. or from P., T., and the boiling point T;, and also provide a method for esti- 
mating critical properties from surface-tension measurements. In addition, a method 
for estimating the surface tension of molten metals is suggested. 


There is at present considerable 
interest in fluid mechanics prob- 
lems involving free surfaces in con- 
nection with the reexamination of 
the unit operations in terms of the 
fundamental transport processes 
taking place. It is therefore im- 
portant to have experimental data 
on surface properties or in the 
absence of such data to be able to 
make intelligent predictions of 
them. 

The current status of the experi- 
mental data and the theory of sur- 
face tension is not too satisfactory. 
Many of the data in the standard 
handbooks are more than _ thirty 
years old and have never been cor- 
roborated by subsequent investi- 
gators. Also the discrepancies be- 
tween measurements on a given 
substance by two different methods 
have not been properly explained. 
Considerable progress been 
made, however, in developing the 
theory of surface tension in terms 
of intermolecular forces by means 
of statistical mechanics(10). Two 
main approaches have been used: 
the free-volume theories, based on 
an approximate evaluation of the 
partition function(5,15), and the 
radial-distribution-function method 
(2, 3,13). Thus far these theories 
have been developed only for mon- 
atomic substances, and much more 
needs to be done before the statisti- 
cal theories will be generally useful 
for predicting surface tensions of 
complex compounds. 

Hence the methods presented 
here, based on the principle of cor- 
responding states (hereinafter ab- 
breviated P.C.S.), are offered as 
an aid for practical calculations 
pending further experimental and 
theoretical developments. The re- 
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sults given here also serve as an 
additional test for the two modifica- 
tions of the P.C.S. which are used. 


PRINCIPLE OF CORRESPONDING 
STATES AND ITS MODIFICATIONS 

The P.C.S. in its original form 
as enunciated by van der Waals 
was applied specifically to the equa- 
tion of state in the form 


That is, for all substances the re- 
duced pressure should be a uni- 
versal function of the reduced vol- 
ume and reduced temperature. This 
principle has been used in an alter- 
nate form by Hougen and Watson 
(11) in the preparation of their 
generalized compressibility chart, 
which is a graphical representation 
of the function 


Z=Z(P.,, T,) (2) 


In addition to the generalized com- 
pressibility chart (and the derived 
charts for the thermodynamic func- 
tions) charts have been prepared 
for two of the transport coeffi- 
cients: viscosity (11, 24), for which 
and thermal con- 
ductivity (8,12), for which k,= 

All these charts have been of 
considerable use for purposes of 
instruction and rapid calculation. 
It is, however, inherently assumed 
in these generalized representa- 
tions that the constituent molecules 
of all substances are mechanically 
similar. This drawback led Kamer- 
lingh Onnes to modify the original 
P.C.S. by suggesting that each 
group of mechanically similar sub- 
stances—for example, the halogens, 
the alcohols, the straight chain 
paraffins—should obey a separate 
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P.C.S. 
group. 
Actually very little has been done 
to modify the P.C.S. by the intro- 
duction of additional parameters to 
characterize the chemical structure 
of the constituent molecules. The 
reason for this is that an enormous 
amount of very accurate experi- 
mental data is required in order to 
deduce the effects of dipole mo- 
ments, quadrupole moments, polar- 
izabilities, and molecular shape on 
the bulk physical properties. Be- 
cause of the impracticality of any 
such attempt at the present time, 
one might well ask whether some 
sort of empirical correlating para- 
meter can be found—one which 
could be expected to work for a 
large number of substances. Re- 
cently two such empirical methods 
have been suggested, in which a 
single additional “correlating para- 
meter” has been introduced: 

1. Meissner and Seferian(20) 
have suggested that all substances 
with the same value of the para- 
meter Z, = P.V,./RT,. obey the same 
P.C.S., that is, that Equation (2) 
be replaced by 


characteristic of its own 


Z = Z(P,, T;;Z-) (3) 


indicating the explicit parametric 
dependence on Z,. Similar expres- 
sions can be written for the trans- 
port coefficients and other proper- 
ties. This modification of the P.C.S. 
has been used by Lydersen, Green- 
korn and Hougen(18) to make a 
very extensive analysis of data on 
equation of state and _ thermo- 
dynamic properties of gases and 
liquids. 

2. Riedel(21) has suggested that 
all substances with the same value 
of Y,=(d In P,/d In T), follow the 
same P.C.S., that is, that Equation 
(2) be replaced by 


Z = Z (P,, Y.) (4) 
with analogous relations for the 


other physical properties. Riedel 
has achieved particularly good suc- 
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cess with this method in the corre- 
lation of vapor-pressure data.* 
The application of either of these 
methods raises the important ques- 
tion as to whether a single corre- 
lating parameter—such as Z, or Y, 
—can be expected to be sufficient 
for describing the behavior of 
many different physical properties. 
*The quantity here called Y., is given 
the symbol «),. by Riedel(20), but the 
present authors prefer not to use x 
since this letter is frequently used 
for the coefficient of expansion (0 
In V/OT)>». Riedel has shown by 
very careful analysis of vapor-pres- 
sure data that the quantity Y. can 


Recently Rowlinson(23) succeeded 
in showing theoretically that at 
least for certain types of molecular 
interactions a single correlating 
parameter is indeed adequate. To 
substantiate his theory he has 
studied the following properties of 
sixteen widely varying substances: 


second virial coefficients, vapor 
equation 

In P.=Y, In T,,.—0.0364(Y,— 
3.75) [(36/T,,) + 42 In T,,— 35 — 


in which T;, is the reduced boiling 
temperature corresponding to the re- 
duced pressure P,. If many values of 
Y. are needed, they can be calculated 


be calculated from the boiling point quickly from tables prepared by 
T, at a pressure P by means of the Riedel (27). 
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Fic. 1. DETERMINATION OF THE FUNCTION [T° (Z,) IN EQUATION (8). THE VARI- 
OUS TYPES OF CHEMICAL SUBSTANCES USED IN THE CORRELATION ARE INDICATED 


BY THE FOLLOWING SYMBOLS: 


@) noble gases © alkyl benzenes 
© diatomic molecules @ nitrogen-containing organic compounds 
© simple inorganic molecules © _halogen-containing organic compounds 
© straight-chain paraffins ©) miscellaneous organic compounds 
@ branched paraffins 
@ esters 
® unsaturated hydrocarbons 
THE DortTeD LINE REPRESENTS THE LEAST SQuARE Fit, [ = —0.951-+ (0.432/Z,). 
1.2 T T T T T T — 2 T T 
0.9F 4 
4 
6.0 6.5 70 75 8.0 85 9.0 95 10.0 105 


Ye 


Fic. 2. DETERMINATION OF THE FUNCTION I'(Y,) IN EQUATION (9). 

THE SYMBOLS USED FOR THE VARIOUS TYPES OF CHEMICAL SUBSTANCES 

ARE THE SAME AS THOSE GIVEN IN FIGURE 1. THE DoTTeD LINE REp- 
RESENTS THE LEAST SQUARE Fit, [’ = —0.281 + 0.133Y,,. 
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pressure of liquids, rectilinear di- 
ameters, Trouton’s constants, heat 
capacities (at constant volume) of 
liquids, and surface tension. The 
success which the authors have had 
in correlating surface-tension meas- 
urements on the basis of methods 
1 and 2 above can be regarded as 
an additional justification of Row- 
linson’s generalization of the P.C.S. 


APPLICATION OF THE MODIFIED 
P. C. S. TO SURFACE TENSION 
Neither of the above discussed 
modifications of the P.C.S. has yet 
been fully examined as to how well 
various physical properties can be 
described. It is of interest to test 
these methods by applying them to 
the correlation of surface-tension 
data. For this property it is well 
known that the P.C.S. in its origi- 
nal form is definitely inadequate 
(9), probably because of the align- 
ment effects at the interface, which 
are of course highly sensitive to the 
molecular shapes and molecular in- 
teractions. The surface tension of 
a pure substance is particularly 
easy to study, since it is a function 
of temperature but not of pressure. 
For the purpose of this work a 
“reduced” surface tension has been 
defined by* 
(5) 
3 
(It should be noted that the 
quantity y/P.% (xT) is dimension- 
less but that quantity y,, defined 
in Equation (5), is not, because of 
the missing factor x3, which was 
omitted to simplify calculations.) 
According to the original P.C.S. 
one would expect y, to be a unique 
function of 7, for all substances. 


*One might also define a reduced 
surface tension thus: 


= KT. (5a) 


This definition suffers from the dis- 
advantage that V. is not known ac- 
curately for many substances. Rowlin- 
son(23) has, however, used this defi- 
nition in his investigation. 


According to the two modified 
P.C.S., however, 
YR = YR ¥a) (7) 


The temperature dependence of the 
surface tension for a great many 
substances has been shown(9) to 
be proportional to (1—T,) 11/9. The 
assumption that this temperature 
dependence is universal allows one 
to rewrite Equations (6) and (7) 
thus 


Ye (8) 
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ve=T(¥) (1-7) 9) 
The experimental surface-tension 
data used for obtaining ['(Z,) and 
r(Y,) are those given in Landolt- 
Bornstein’s Physikalisch-Chemis- 
che Tabellen, the International 
Critical Tables, the Annual Table 
of Physical Constants, Tables An- 
nuelles de Constantes et Données 
Numériques and the Tables of the 
American Petroleum Institute. For 
many substances it was not: possi- 
ble to find the surface tension of 
the pure substance against its own 
saturated vapor; it was necessary 
to use the value of surface tension 
against air or some inert gas. The 
error involved in the use of the 
latter data is believed to be quite 
small in comparison with the aver- 
age deviation from the correlations 
based on the principle of corre- 
sponding states. The critical con- 
stants needed for the correlation 
were obtained from a recent com- 
pilation made by Lydersen(17) and 
from the extensive tabulation pre- 
pared by Kobe and Lynn(14). 
Eighty-four substances of widely 
differing character were selected 
for which both surface-tension and 
critical data were available. These 
included two noble gases, five di- 
atomic molecules, seven simple 
polyatomic inorganic substances, 
the first twenty normal paraffins, 
ten branched paraffins, five alkyl 
benzenes, six unsaturated hydrocar- 
bons, eight esters, eight organic 
halogen compounds, six organic ni- 
trogen compounds, and seven other 
organic compounds. The experi- 
mental values of y,/(1—T,)1:/9 
were plotted against 1/Z, (as shown 
in Figure 1) and against Y, (as 
shown in Figure 2). Through the 
point so plotted, the best straight 
lines were drawn by means of a 
least-squares fit. These linear rela- 
tions then allow Equations (8) and 
(9) to be rewritten as 


TABLE 1.—ANOMALOUS DEVIATION OF 
EXPERIMENTAL SURFACE TENSIONS 
FROM GENERALIZED EQUATIONS 


Average % 
deviation from 


Eq. (10) Eq. 11 


Substance 


Polar inorganic sub- 


stances 

CS + 90.6 + 44.0 

Ammonia........... + 355 + 6.2 

Hydrogen chloride... + 31.4 + 13.2 

Hydrogen bromide... + 13.4 + 5.0 
Alcohols 

Methanol........... +179 + 58.2 

+ 89 +117 

+ 39.4 + 87 
Carboxylic acids 

ACIC. +166 + 70 

Propionic acid....... + 88 +91 
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Yr = (—0.951 + 


0.432/Z,) (1— (10) 


Ye = (—0.281 + 


which are the final generalized re- 
lations for surface tension based 
on the two modified P.C.S. de- 
scribed above.* 


GENERALIZED RELATIONS FOR 
SURFACE TENSION 


Applicability. Over the tempera- 
ture range of the available data for 
the eighty-four substances con- 
sidered, it was found that the aver- 
age error for Equation (10) is 
6.2% and for Equation (11, 3.0%. 
The smaller deviation for the Y, 
correlation does not necessarily in- 
dicate that Y, is fundamentally a 
better choice of correlating para- 
meter than Z,. Many of the devia- 
tions in the Z, correlation are quite 
likely due to erroneous values of Z, 
(which in turn frequently can be 
traced to faulty V, values). 

Equations (10) and (11) are 
sufficiently accurate for most en- 
gineering calculations and provide 
a quick method for estimating sur- 
face tension from critical data. If 
experimental critical data are not 
available, they can be estimated by 
the group-contribution methods de- 
vised by Riedel(21,22) and ex- 
tended by Lydersen(17). Lydersen 
has also given an empirical rela- 
tion whereby Z, may be estimated 
from heats of vaporization. 


Equations (10) and (11) could 
be used for estimating critical 
constants from surface-tension 
measurements. If P, and TJ, are 
known, then V, can be obtained 
from 


Ve = 0.432 (RT./P.) | 0.951 + 


[pel 


(12) 
| 


And if T, and a boiling point are 
known, then P, can be found from 


*The constants in Equations (10 
and (11) are slightly different from 
those given previously!, since only 
30 substances were used in the origi- 
nal correlation. 
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P.= 


| Tl? 
(—0.281+0.133Y,)(1— 


(13) 
A trial-and-error method has to be 
used to obtain P,, as Y, depends on 
P,. Equation (13) is probably about 
as good for estimating P, as is the 
group-contribution formula given 
by Lydersen(17). 


Limitations. The generalized rela- 
tions for surface tension are rea- 
sonably successful for simple in- 
organic substances and for a wide 
variety of organic compounds. 
There are several groups of sub- 
stances for which the correlations 
cannot be expected to hold: very 
light atoms and molecules (the 
isotopes of hydrogen and helium), 
molten metals, certain highly polar 
inorganic substances (H.O, NHs, 
HCl, HBr), associating substances 
(alcohols, carboxylic acids, etc.), 
and fused salts. The order of mag- 
nitude of the deviations of some 
of these substances from the gen- 
eralized equations is indicated in 
Table 1. 

The only class of substances 
listed above which has been suc- 
cessfully studied is the first’ one— 
the isotopes of hydrogen and helium 
—which exhibit quantum effects. 
These substances should always be 
excluded from generalized correla- 
tions inasmuch as there are other 
preferable ways to handle them. 
The first method was suggested by 
Byk(4), who proposed a quantum 
mechanical modification of the 
original van der Waals’ principle 
of corresponding states. A theo- 
retically sounder method is the use 
of a quantum mechanical P.C.S. 
based on the reduction of variables 
with molecular parameters (rather 
than critical parameters), as pro- 
posed by de Boer(7) and discussed 
extensively by Lunbeck(19). The 
application of this latter approach 
to surface tension has been carried 
out by one of the authors(6). In 
this way the surface tension of He*® 
and the various heavy isotopes of 
hydrogen. Recently the surface ten- 
sion of He* was measured by Love- 
joy (16) in the range 1.0° to 2.5°K. 
Above about 1.8°K. the experi- 
mental values agree almost exactly 
with the predicted curve. The dis- 
crepancy below 1.8°K. is undoubt- 
edly due to statistics effects, which 
were not taken into account in the 
P.C.S. prediction. As yet no ex- 
perimental values of the surface 
tension for the heavy isotopes of 
hydrogen are available. 
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Fic. 8. SURFACE TENSION AT 600°C. 
IN DYNE CM.-! OF VARIOUS MOLTEN 
METALS PLOTTED AGAINST THE LOG- 
ARITHM OF THEIR ELECTRICAL RE- 
SISTIVITY AT 20°C. IN MICROHM CM. 


Much needs to be done in con- 
nection with the other anomalous 
substances. For the molten metals 
there seems to be a relationship 
between the surface tension and 
the electrical resistivity, as can be 
seen in Figure 3. For the materials 
in the last three groups above, no 
workable generalizations have beer 
obtained. It is not known at present 
whether Equations (10) and (11) 
apply generally to the fluorocar- 
bons. The only one of these sub- 
stances for which both surface- 
tension and critical data could be 
found was perfluoroheptane, for 
which the agreement was not par- 
ticularly good. It will be interest- 
ing to see whether this class of 
compounds exhibits further devia- 
tions. 


SURFACE TENSION AND _ THE 
PARACHOR 


The calculation of the surface 
tension from the modified P.C.S. 
methods is not presented as a sub- 
stitute for the method of calculat- 
ing surface tension from the para- 
chor. The latter calculation requires 
a knowledge of the liquid and vapor 
densities, whereas the former re- 
quires that one know either P,, V,, 
T, or P., V., Ty. Thus the two 
schemes of estimating surface ten- 
sion are complementary. Further- 
more it is frequently useful to have 
two different methods available for 
estimating physical properties un- 
der unusual conditions. A P.C.S. 
approach to surface tension is in a 
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sense more satisfying, in that the 
correlation is obtained by a general 
method, capable of being applied to 
a variety of properties as already 
discussed. The parachor, on the 
other hand, involves a_ specific 
method. 

The parachor is far from being 
well understood theoretically. It 
was introduced as a useful em- 
piricism by Sugden, and its use 
in structural determinations is well 
known. At the present time there 
is no satisfactory explanation of 
the fact that the parachor is very 
nearly constant over a wide range 
of temperature. Lennard-Jones and 
Corner(13) have shown that the 
parachor is given within about 4% 
for simple substances by the em- 
pirical relation: 


/ 5/2 
[P] = (7.1X 10° (14) 


in which o and « are the parameters 
in the Lennard-Jones potential (¢ 
is the low-energy collision diameter 
in Angstrom units and « is the 
maximum energy of intermolecular 
attraction in ergs). This relation 
shows that the parachor is almost 
proportional to o*, which is in 
agreement with Sugden’s conten- 
tion that the parachor is some sort 
of modified molecular volume. 
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NOTATION 
k = coefficient of thermal conduc- 
tivity 


P = pressure 
P, = vapor pressure 
R= gas constant 
T = temperature 
V = molar volume 
Y = (dln P,/d In T) 
Z = compressibility factor, PV/RT 
y = surface tension 
Yr = “reduced” surface 
[see Equation (5) ] 
lr = quantity defined in Equations 
(8) and (9) 
x = Boltzmann’s constant 
vu. = coefficient of shear viscosity 


tension 


0, = electrical resistivity 


Subscripts 
b = quantity evaluated at the boil- 
ing point 
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c¢ = quantity evaluated at the criti- 
cal point 

7 = quantity made dimensionless 
by division by the correspond- 
ing quantity at the critical 
point 
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TURBULENCE IN 
FALLING LIQUID FILMS 


On the basis of fluid dynamic and heat transfer studies on falling-film towers by 
various investigators, it has been commonly accepted by most workers that the liquid 
flow is essentially streamline in nature for liquid-film Reynolds numbers under 1,800 
to 2,000; consequently it would be expected that the rate of physical gas absorption 
in such liquid films could be predicted directly from a knowledge of molecular 
diffusion rates. 

Measurements of the absorption of pure gases in falling liquid films at low Reynolds 
numbers substantiated the findings of other investigators that the mass transfer rates 
were manyfold greater than could have been predicted if molecular diffusion were 
the only transfer process. Increased interfacial area due to rippling of the liquid 
films could not account for the large increase in mass transfer rates found, and 
experiments with the addition of a dye stream to the liquid at the free interface 
indicated turbulence. 

Dissolution rates of slightly soluble solids coated on the tube wall to liquid films 
were measured and showed that the liquid film was not in laminar flow even for 
Reynolds numbers as low as 300. 

An explanation is proposed which resolves these apparently conflicting results 
between momentum and heat and mass transfer, based on the fact that mass transfer 
measurements provide a more sensitive test for the presence of turbulence than do 
momentum or heat transfer measurements. 


Existing theory for the design 
of gas-liquid reactors is not ade- 
quate at the present time owing 
to lack of knowledge as to what is 
taking place in the liquid phase 


primarily because of its relatively 
constant and known interfacial 
area. In addition, certain apparent 
anomalies exist between mass, heat, 
and momentum transfer data for 
near the phase boundary. This work falling-film towers, and it was be- 
was undertaken to study the physi- lieved that an explanation which 
cal system, without reaction, since could reconcile these differences 
an understanding of the mechan- would also shed light on the liquid- 
ism of liquid-phase mass transfer phase mass transfer process. 

is essential for the development 
and application of any fundamental 
theory for the combined diffusion- 
reaction case. A falling-film tower 
was selected for preliminary work 


LIQUID-PHASE MASS TRANSFER 
DATA 


A number of investigators have 
studied mass transfer in falling 
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liquid films and have in general 
found that the measured absorp- 
tion rates are considerably greater 
than would have been predicted by 
theory. For example, Johnstone 
and Pigford(14) reported values 
for the heights of liquid-film trans- 
fer units, H,, for distillation in a 
wetted-wall column one half to one 
quarter those predicted by theory 
for liquid-film Reynolds numbers 
ranging from 100 to 500. In a 
paper on distillation of ethanol- 
water in a wetted-wall column, 
Surowiec and Furnas(25) reported 
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heights of liquid-film transfer units 
about 1/14 of those predicted from 
heat transfer equations in the 
Reynolds number range of 125 to 
340. Data from the work of Hod- 
son(11) and Hurlburt(12) on oxy- 
gen and carbon dioxide desorption 
in a 1.05- by 18.5-in. tower show 
desorption rates severalfold great- 
er than theory in the laminar flow 
range. Runs made in this investi- 
gation on the absorption of carbon 
dioxide in water in roughly 3- and 
6-ft. towers also indicated mass 
transfer rates 1 1/2- to 3-fold as 
great as the rate predicted by 
theory based on molecular diffusion 
below liquid-film Reynolds numbers 
of 1,800. The apparatus of all in- 
vestigators differ somewhat in the 
types of calming sections used for 
liquid and gas introduction, but 
this detail does not appear to be 
significant in the relatively long 
towers used. One thing common to 
all the liquid-film work appears to 
be the presence of ripples in the 
liquid film, and this fact has been 
used by previous investigators to 
explain the higher than expected 
mass transfer results. 


MOMENTUM-TRANSFER DATA 
The equations for viscous flow 
in a falling-film tower with no drag 
at the free interface were first set 
up by Nusselt(22). The theory 
shows that the velocity distribu- 
tion is parabolic, with the maxi- 
mum velocity at the free interface 
equal to 1.5 times the average 
velocity. Friedman and Miller(8) 
have shown that the surface veloc- 
ity is considerably greater than 
that predicted by theory at Rey- 
nolds numbers above 25, about the 
point they found rippling to begin. 
Experiments by Grimley(10), in 
which high-speed photographs of 
illuminated particles within the 
liquid film were taken to determine 
the velocity profile at different 
points, indicated that the liquid- 
velocity profile goes through a 
maximum about 1/10 of the film 
thickness from the gas-liquid in- 
terface. This resembles the veloc- 
ity profile commonly encountered 
in open channel flow. Near the wall, 
however, the velocity profile meas- 
ured by Grimley does not depart 
appreciably from that of a para- 
bolic gradient. Although these ex- 
periments point out discrepancies 
between the theory and actual con- 
ditions, nevertheless a number of 
investigators have shown(5J, 7, 22) 
that the liquid-film holdup checks 
the holdup predicted by the the- 
oretical equations up to Reynolds 
numbers of 1,800 to 2,000. This 
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range of Reynolds numbers has, 
therefore, been commonly used as 
the criterion for the presence or 
absence of turbulence; i.e., above 
this range the equations cease 
to hold because of the presence of 
turbulence. 


HEAT TRANSFER DATA 


In addition to work on momen- 
tum transfer, a number of workers 
have carried out experiments on 
the condensation of pure vapors on 
the outside surfaces of vertical 
tubes(16, 19,21). In general, be- 
low a Reynolds number of 2,000, 
the data for heat transfer rates 
fall 25 to 50% higher than values 
predicted by the viscous-flow equa- 
tions based on a parabolic velocity 
distribution. 

Data have also been reported (1) 
for the heating of fluids in stream- 
line flow in failing-film towers, 
where heat is transferred from a 
wall at constant temperature to the 
fluid, care being taken to avoid ap- 
preciable vaporization. For the 
streamline flow region (based on 
the criterion 4 I'/u< 1,800) the 
data fall some 20 to 30% higher 
than predicted by theory. 


DEVELOPMENT OF THEORY 

The previous paragraphs present 
the experimental facts on hand at 
the start of this work. The ques- 
tion to be answered was why mass 
transfer rates were so much greater 
than those predicted by theory in 
the streamline region, while hold- 
up measurements checked laminar- 
flow theory closely and heat trans- 
fer results, while slightly higher 
than theory, were nevertheless in 
fair agreement. The data for mo- 
mentum and heat transfer are con- 
sistent with the postulation of 
laminar-flow conditions, and the 
data for the mass transfer case 
indicate the presence of turbulence 
in the liquid film. 

The explanation used by previous 
investigators for the high rate of 
mass transfer in the streamline 
flow region has been associated 
with rippling of the liquid film, 
which could increase mass transfer 
results by increasing the inter- 
facial area or by creating turbu- 
lence* in the liquid film. The maxi- 
mum increase in surface caused 
by the presence of ripples as judged 
by visual observation and photo- 
graphs is probably less than 50%, 
and this would not be adequate to 
explain the increased rates ob- 
served in the mass transfer ex- 
periments. The work of Friedman 
and Miller(8) indicated turbulence 
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in the liquid at the free interface, 
and similar experiments were per- 
formed by the authors. A dye 
stream introduced on the surface 
of a water film was observed to 
spread out in the form of a cone 
downstream from the point of in- 
troduction. At no time was a lami- 
nar dye thread observed in the 
rippling film although the Reynolds 
number was reduced to as low as 
200. Thus the evidence at hand 
indicated turbulence at the free 
interface, which would be expected 
to be present to some degree with- 
in the main liquid film. The ques- 
tion raised is whether or not turbu- 
lence can markedly increase mass 
transfer rates while not affecting 
to any major degree either momen- 
tum or heat transfer rates. 
Equations of definition can be 
written for molecular transport of 
momentum, heat, and mass as 


Momentum 

p db yg. p dy 
Heat 

1 _ =k 

a d@ pep dy 
Mass 

1 de de 

a dé Di dy 


It will be noted that w/o, k/¢e,, 
and D,, all have identical units and 
can be considered as rates per unit 
driving potential; i.e. per unit 
force, temperature, and concentra- 
tion. For water at 31°C. these dif- 
fusivities have the following values: 

Momentum transfer (kinematic 
viscosity ) = 3,020 X 10-° sq.ft./hr. 

Heat transfer (thermal dif- 
fusivity) = 569 X 10-° sq.ft./hr. 

Mass transfer (molecular dif- 
fusivity) D,CO. in water =9.3 
X 10-5 sq.ft./hr. 

D,, benzoic acid — water = 5.2 X 
10-° sq.ft./hr. 


From the foregoing tabulations 
it can be seen that for water films 
the momentum diffusivity is about 
five times as large as the thermal 
diffusivity, which is in turn about 
sixty times as large as the molec- 
ular diffusivity. These values 
change slightly with temperature, 
but the ratios between them remain 
essentially the same. These signifi- 
cant differences in transfer rates 
*The criterion for turbulence used through- 
out this paper is based upon whether or not 


experimental results check mass transfer theory 
based solely on molecular diffusion. 
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per unit driving force between 
momentum, heat, and mass trans- 
fer for liquid films are not surpris- 
ing, since mass transfer is the 
transport of a specific molecular 
or ion, while heat and momentum 
may be transferred not only by 
physical transport, but also by 
collision. From this, it is apparent 
that if turbulence were present to 
any degree, it would have a greater 
effect upon the mass transfer rate 
than upon the rates of heat or 
momentum transfer; i.e., the slow- 
est process would show a measur- 
able effect first. With this assump- 
tion it then would be possible, 
within a given range of Reynolds 
numbers, to have equations based 
on laminar flow hold reasonably 
well for momentum and heat trans- 
fer and not correlate mass trans- 
fer data at all. 

It is of interest to examine the 
diffusivities for gas films. For air 
at 0°C. and atmospheric pressure, 
the diffusivities have the following 
values: 

Momentum transfer (kinematic 
viscosity) = 0.51 sq.ft./hr. 

Heat transfer (thermal diffus- 
ivity) = 0.69 sq.ft./hr. 

Mass transfer (molecular dif- 
fusivity) Dy CO, in air = 0.53 sq. 
ft./hr. Dy water in air = 0.85 sq. 
hr. 

It is immediately noted that the 
large differences in diffusivities for 
momentum, heat, and mass trans- 
fer disappear for gas films. It 
would thus be expected that corre- 
lations(3,9,24) between heat and 
mass transfer for gas systems in 
turbulent flow would be valid 
through the dip region, while simi- 
lar correlations for liquid systems 
would not be expected to hold in 
shis manner. 

The foregoing explanation, al- 
though forming a logical explana- 
tion for the observed abnormalities 
‘n momentum, heat, and mass 
transfer rates in liquid films, needs 
proof. An experimental program 
was, therefore, set up to furnish 
data to prove or disprove the pro- 
posed explanation. 


EXPERIMENTAL WORK 


As it was desired to obtain mass 
transfer data under identical physi- 
cal conditions employed by previous 
workers(1) in obtaining heat trans- 
fer data, the rate of solution of vari- 
ous materials from a solid wall to a 
falling liquid film was measured. In 
addition to enabling one to establish 
whether turbulence existed below 
Reynolds numbers of 1,800 to 2,000 
in falling liquid films near the tube 
wall, these measurements would also 
give a quantitative picture of the 
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diffusivity across the film from the 
wall side outward. Together with ab- 
sorption measurements previously re- 
ferred to, this would yield a rather 
clear picture of the extent of turbu- 
lence existing across the entire film. 

The first three materials to be used 
as coatings were benzoic acid, adipic 
acid, and succinic acid. The tubes 
were coated internally by melting the 
crystalline acids and pouring molten 
liquid into the tubes via a funnel 
while rotating the tubes. In this sim- 
ple manner a uniform and smooth 
coating was obtained. It was found 
that fine crystals and, therefore, 
smoother surfaces were obtained if 
cold water was circulated through a 
jacket surrounding the tubes so that 
rapid crystallization took place. 

The falling-film tubes used in the 
experiments were jacketed glass with 
the inside diameter as measured with 
the solid coating in place varying 
from 0.77 to 1.13 in. Column lengths 
varied from 30 to 74.5 in. The liquid 
was introduced into a reservoir at 
the top of the columns and flowed 
over the top. Several layers of stain- 
less steel screen held in place around 
the top of the column caused a slight 
head of liquid to build up in the 
reservoir above the tube inlet, and 
in this manner uniform liquid flow 
around the periphery of the tube was 
obtained. Although no definite calm- 
ing section at the liquid entrance was 
provided, the solid coatings all start- 
ed some 8 to 4 in. from the top of 
the column. 

Distilled water was used in all the 
runs and this was heated to the oper- 
ating temperature by means of a 
coil immersed in a constant-tempera- 
ture water bath. In all runs the tem- 
perature change of the water between 
inlet and outlet was no more than 
+0.2°C. Analysis of the effluent 
stream for benzoic acid, adipic acid, 
and succinic acid, was made by titrat- 
ing with standard sodium hydroxide 
using phenolphthalein as indicator. 
The percentage saturation of the 
effluent as reported in the tables of 
data is believed to be accurate within 
10%, the precision as measured by 
check samples being within 1%. The 
solubilities of the acids in the water 
used were measured and these figures 
were used in all calculations. A com- 
parison of measured solubilities with 
values from the literature, where 
available, checked closely. Molecular 
diffusivities used for comparison with 
the measured apparent diffusivities 
were taken from the literature(13, 

It was found that water would not 
completely wet the benzoic acid sur- 
face below Reynolds numbers of 
about 3,400. A wetting agent, the 
sodium salt of an aliphatic sulfonate, 
was then added to the water (0.02 
and 0.05% by weight) and runs were 
made down to a Reynolds number of 
about 950. Below this Reynolds num- 
ber, incomplete wetting was again 
encountered and it was found that 
adding additional wetting agent did 
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no further good. 

When results of the runs at Reyn- 
olds numbers from 2,200 to 3,000 
made with the wetting-agent-treated 
water were extrapolated to Reynolds 
numbers of 3,400 to 3,800, they were 
found to check closely results obtained 
in the latter Reynolds number range 
using pure water. Thus the addition 
of the small amount of wetting agent 
appeared to have a negligible effect 
upon the dissolution rate. All adipic 
and succinic acid runs were made 
with 0.05% by weight of wetting 
agent in water. 

Since it was anticipated that there 
might be some question as to how 
smooth the coatings of benzoic, adipic, 
and succinic acids were, two other 
systems were run; i.e., paraffin wax— 
butanol and stearic acid—ethanol. Al- 
though both of these latter solids are 
crystalline, the crystals are small and 
an extremely smooth surface can be 
produced by the coating method used. 
In addition, no trouble was encoun- 
tered with wetting of the solid sur- 
faces by the liquids and no wetting 
agent was therefore employed. Analy- 
sis of the effluent in the paraffin wax 
-butanol system was made gravi- 
metrically by evaporating the buta- 
nol. With the stearic acid—ethanol 
system the stearic acid in the effluent 
was determined volumetrically by 
direct titration with sodium methyl- 
ate using phenolphthalein as_indi- 
cator. Values of the molecular dif- 
fusivity were obtained from the 
literature(13) or estimated by the 
method of Wilke(27). 


TREATMENT OF DATA 


The differential equation set up 
by Nusselt (22) for the flow of heat 
from a wall at constant tempera- 
ture to a falling liquid film is 


2 

0 (1) 
2 

oy 


Since V varies with y, Nusselt 
substituted the parabolic velocity 
distribution, shown to be accurate 
from holdup data, to obtain 


2 2 


Nusselt solved the foregoing 
equation by a difference method 
and tabulated his results as ¢ vs. 
S where 


S= mck 


B‘g 1 
Nusselt also shows his results 
as a plot of ¢ vs. S, which is repro- 


duced in Figure 1. The differential 
equation for mass transfer applica- 
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ble to the dissolution runs may be 
obtained by substituting concentra- 
tion for temperature and D,, the 
diffusivity, for k/c,9. 

The differential equation for ab- 
sorption of a gas in a falling water 
film with a parabolic velocity dis- 
tribution is 


Johnstone and Pigford(14) give 
the following solutions of the Equa- 
tion (3): 


(4) 


where 


for low values of 1 the series may 
be expressed as 


The foregoing solutions were 
used together with the experi- 
mental data to calculate the ap- 
parent liquid-film diffusivities for 
the carbon dioxide absorption and 
solid dissolution runs. The equa- 
tions were used throughout the 
Reynolds range studied, since the 
data of Grimley(10) indicate a 
maximum deviation of about 30% 
between measured and calculated 
velocities at various points within 
the film. 


RESULTS 


Experimental results for the 
solid dissolution runs and the CO, 
absorption runs referred to under 
Mass Transfer Data are shown 
plotted in Figure 2 as the apparent 
liquid diffusivity vs. Reynolds num- 
ber. As can be seen, the apparent 
diffusivities for the CO, absorp- 
tion and solid dissolution runs are 
considerably greater than the molec- 
ular diffusivities, which vary from 
about 0.5 X 10° sq.ft./hr. to 10 < 
10-° sq.ft./hr. This is so down to 
Reynolds numbers as low as 300 to 
400. 

It will be noted that the apparent 
eddy diffusivities have been plotted 
against Reynolds number in Fig- 
ure 2. The usual equation of defini- 
tion for turbulent mass transfer is 
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peta 


Fic. 1. PLOT OF ¢ VS. S, FROM NUSSELT 

(22) FOR TRANSFER OF HEAT OR MASS 

FROM A WALL TO A FALLING LIQUID 
FILM. 


1 de 
(Di + Ep) 


dc 
dy 


The equation states that the ap- 
parent diffusivity is the arithmetic 
sum of the molecular and eddy 
diffusivities. It is readily seen that 
if this is so the data indicate that 
the true eddy diffusivity is a func- 
tion of the material being trans- 


ferred, which does not appear at 
all reasonable. The authors prefer 
to believe that while the preceding 
equation holds with negligible error 
where D, is much larger than Ep 
or vice versa, it is not valid where 
D, and Ep are of the same order of 
magnitude. 
It is apparent from the results 
that one is dealing with turbulent 
flow and that as far as mass trans- 
fer is concerned turbulence appears 
to persist throughout the flowing 
layer. The conclusion which may be 
drawn is that the assumption of 
turbulence throughout the liquid 
layer leads to negligible error in 
the calculation of mass transfer 
rates both for the absorption pro- 
cess and the solid solution process. 
This conclusion is not only in con- 
trast to the usual assumption of 
turbulent, buffer, and completely 
laminar zones for fully developed 
turbulent flow(2, 18, 23,26). but 
also differs somewhat from the as- 
sumption made for heat transfer 
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by Murphree(20), who assumed 
that the thermal eddy diffusivity 
varied as the cube of the distance 
from the wall at small distances 
from the wall. 

A comparison of the results of 
the mass transfer runs with those 
of the published heat transfer runs 
seems to prove that mass transfer 
rates are affected considerably 
more than heat transfer rates by 
small amounts of turbulence. Fur- 
ther, since holdup data for falling- 
film towers are correlated well up 
to a Reynolds number of 2,000 by 
use of the theoretical laminar flow 
equation, it is apparent that mo- 
mentum transfer is not affected by 
turbulence to so great an extent 
as either mass or heat transfer. It 
is postulated that the presence of 
turbulence is not necessarily proved 
by measurements of any singular 
effect and that the transition of 
flow from laminar to turbulent is 
noted at decreasing Reynoids num- 
bers when measurements of mo- 
mentum, heat, and mass transfer 
rates are respectively used as 
criteria. It is of interest to recall 
that the experiments of Reynolds, 
using the diffusion of a dye as a 
criterion for turbulent flow, are 
visual measurements of mass trans- 
fer rates. 


SURFACE TENSION EFFECTS 


There is one more variable not 
mentioned up to this point which 
markedly affects film appearance 
and mass transfer rates in falling- 
liquid films. This variable is sur- 
face tension. Experiments were 
conducted in which a stream of dye 
was introduced into a water film 
through a 0.013-in. hole in the wall 
of a 1 1/2 in. I.D. Lucite tube, 
about 3 ft. long. The water film 
was found to ripple at all Reyn- 
olds numbers and the dye thread 
was dissipated within 12 to 14 in. 
from the point of introduction. 
Some of the wetting agent previ- 
ously referred to was then added 
to the water. Not only did the dye 
thread become continuous through- 
out the entire tube length when 
the wetting agent was added, but 
also the physical appearance of the 
film changed, the ripples disap- 
peared, and the film became physi- 
cally laminar even up to Reynolds 
numbers of about 3,000. If the tube 
was tapped with the hand, ripples 
immediately appeared but in a few 
seconds were completely damped 
and the dye thread again became 
continuous. These observations in- 
dicate that if ripples are elimi- 
nated, mass transfer rates into the 
liquid should check theory. This 
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has been shown to be the case in 
the work of Emmert and Pigford 
(6). 

The possibility exists that the 
use of the wetting agent in most 
of the organic acid—water systems 
may have affected the dissolution 
results to some extent. Ripples were 
present in all the dissolution ex- 
periments. Since rippling of the 
water film was not visually af- 
fected in these systems and since 
the results check reasonably well 
the data for the systems where no 
wetting agent was used, it is be- 
lieved that any correction necessi- 
tated by the use of the wetting 
agent is small. 


MASS TRANSFER FROM A COATED 
ee TO A LIQUID IN FULL 
iS 


In full pipes the Reynolds num- 
ber criterion is well defined, and 
up to the breakpoint, equations 
based on laminar flow correlate 
mass transfer data well(17). Lin- 
ton and Sherwood(17) also have 
shown that mass transfer rates for 
liquid systems follow reasonably 
well the Chilton and Colburn corre- 
lation(3) both in the transition and 
turbulent flow ranges. (The ex- 
ception to this would appear to be 
the benzoic acid—water system, 
which gave higher mass transfer 
rates than the other two systems 
studied by Linton and Sherwood; 
however, these authors attributed 
the higher rates to cracks which 
developed in the cast pieces which 
formed the tube wall.) Since the 
Chilton and Colburn correlation 
was developed from heat and mass 
transfer measurements with gases, 
the reasonable check of theory af- 
forded by the Linton and Sherwood 
data would appear to refute the 
reasoning used previously which 
proposed that differences between 
heat and mass transfer for liquid 
systems should be evident. 

Once the method of coating ben- 
zoic acid on the interior walls of 
tubes was developed, two runs were 
made on the transfer rates of 
benzoic acid to distilled water in a 
full tube 0.310 in. I.D. by 99 in. 
long. The Reynolds numbers at 
which the runs were made were 
intentionally selected just above 
the critical point so that turbu- 
lence, although not fully developed, 
would be present. The mass trans- 
fer rates predicted by the Chilton 
and Colburn correlation(3 and 4) 
in the dip region were originally 
taken from heat transfer measure- 
ments, to which a correction was 
added for free convection due to 
density and viscosity difference. In 
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the light of the falling-film work, 
it would be expected that for full 
pipes the aetual mass transfer rate 
would be higher than that pre- 
dicted from heat transfer measure- 
ments at Reynolds numbers where 
turbulence had just started. The 
Measured mass transfer rates for 
the two runs, calculated as 7 fac- 
tors, were found to be 2 to 2 1/2 
fold as great as those predicted by 
the Chilton and Colburn correla- 
tion (see Figure 3). 

A possible explanation of the dif- 
ferences between the Linton and 
Sherwood results and the two runs 
made in this work is based on an 
analogy from heat transfer work 
with gases. When heat is trans- 
ferred through a laminar boundary 
layer where there is a _ stepwise 
wall-temperature variation, a 
“starting-length correction factor” 
is introduced to correlate the data. 
In effect the heat transfer coeffi- 
cient at a point along the heated 
surface is found to be lower when 
the heated section follows a surface 
which is not heated than when it 
does not. This decrease in heat 
transfer is a function of the ratio 
of the distance along the heated 
surface to the total distance along 
the surface and would be more 
pronounced for short heated sec- 
tions. While calculations for a short 
heated length in a long tube (simi- 
lar to mass transfer apparatus used 
by Linton and Sherwood) show that 
this type of correction would be 
small for gases, it is nevertheless 
in the right direction. If, as pro- 
posed above, the effect is more 
pronounced for mass transfer in 
liquid systems, then the differences 
between the mass transfer data 
may be reconciled. 


SUMMARY 


An explanation for the apparent 
conflict in the data for momentum, 
heat, and mass transfer in falling- 
liquid films below a_ liquid-film 
Reynolds number of 2,000 is pro- 
posed. The results obtained indi- 
cate that apparently a_ slight 
amount of turbulence _ exists 
throughout what has_ heretofore 
been thought to be a laminar film. 
While the increase in transfer 
rates due to turbulence in the film 
is slight for heat and momentum 
transfer, this increase is important 
for mass transfer. The apparent 
diffusivities herein reported for 
falling films can be used directly 
in the equations for the diffusion- 
reaction case, which have been 
predicated on the basis of a con- 
stant diffusivity throughout the 
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Hl liquid. It is suggested that this tatively the same for liquid-phase diffusivities commonly used. Al- 
we technique be used as a means for diffusion in other types of equip- though this concept does not add 
is studying turbulence close to walls ment. Thus it is indicated that the measurably to present methods for 
a and phase boundaries. assumption of a constant diffus- handling liquid-phase physical dif- 
< Although this work is confined ivity from the phase boundary to fusional problems, the simplifica- 
vi for the most part to falling-liquid the bulk of the liquid may be a tion which may be possible would 
films, the effect of turbulence upon much closer approximation of the greatly aid in the solution of the 
mi, liquid-phase mass transfer rates true facts than the sharp demarca- diffusion and simultaneous reac- 
9 would be expected to be quali- tion between molecular and eddy tion problem. 
y 
TABLE 1—PHYSICAL ABSORPTION RUNS, 100% CARBON DI0xIDE—WATER* 
Tower: 1.0 in. I. D. X76.5 in. long Apparent 
d “% Saturation diffusivity, 
Run 4T/u Liquid Temp. Gas Temp. of exit liquid sq. ft./hr. x 10° 
7 1 2500 30.4 30.0 44.0 48.4 
n 2 1270 33.0 Jl 50.5 25.9 
k 3 2500 ahs 31.2 42.2 44.5 
s 4 3750 30.2 31.0 37.4 60.4 
: Tower: 0.852 in. I. D. X36 in. long 
a 380 32.0 30.4 56.8 13.2 
6 690 30.5 41.5 15.5 
7 690 ono 30.5 48.1 20.9 
2 8 1270 31.4 30.6 30.6 19.4 
a *Co mp ss table may be obtained as document 4560 from the American Documentation Institute Auxiliary Publications Project, Photoduplication Service, 
1 Library of Congress, Washington 25, «+, for $1.25 for photoprints or microfilm. 
e TABLE 2.—MASS TRANSFER OF BENZOIC ACID FROM A WALL TO A FALLING WATER FILM* 
Molecular Apparent Weight % 
Avg. Normality Normality % diffusivity diffusivity wetting 
) water exit saturated Saturation (lit. value), (Nusselt Eq.) agent 
1 Run 4T/u temp. liquid, °C. solution of exit liquid sq. ft./hr. sq. ft./hr. x 10° added 
5 Tower: 74.5 in. coated length 0.91 in. I. D. 
2 1 2410 30.5 0.00475 0.0261 18.2 5.15 x 105 30.0 0.05 
2 1670 31.0 0.0055 0.0261 5.15 «108 23.1 0.05 
t 3 1000 31.0 0.00765 0.0261 29.3 5.15 x 10* 19.1 0.05 
4 965 31.0 0.0079 0.0261 30.3 SIS 18.6 0.05 
1 *See footnote to Table 1. 
7 TABLE 3.—MASS TRANSFER OF BENZOIC ACID FROM WALL TO WATER, FULL PIPES 
Avg. Normality Normality 
water exit saturated N sen, 
Run DG/u temp., °C. water water Approach L/D M/pD, Ip 
Pipe: 8 ft. 3 in. coated length x0.310 in. I. D. 
1 4450 She 0.00419 0.0321 13.06 320 586 0.00782 
ye 5240 SLO 0.00350 0.0321 10.90 320 586 0.00638 
TABLE 4.—MAss TRANSFER OF SUCCINIC ACID FROM A WALL TO A FALLING WATER FILM 
Tower: 34.5 in. coated length x 0.807 in. I. D. . 
It. % 
| Molecular Apparent wetting 
Avg. Normality Normality diffusivity diffusivity agent 
water exit saturated % (lit. value) (Nusselt Eq.), added 
Run 47 temp. °C. water solution Approach D _, sq. ft./hr. sq. ft./hr.x10° _—_ to water 
1730 19.3 0.1114 9.94 3.1 10-5 0.05 
2 1200 19.5 0.1264 1.12 11.3 3.1 10-5 19.2 0.05 
848 19.5 0.1826 1.12 16.3 3.1 10-> 20.9 0.05 
481 19.5 0.2406 | 21.45 3.1 19-5 14.7 0.05 
TABLE 5.—MASS TRANSFER OF ADIPIC ACID FROM A WALL TO A FALLING WATER FILM 
Tower: 38.5 in. coated length x 1.13 in. I. D. ; 
Apparent Wt. % 
Avg. Normality Normality Molecular diffusivity wetting 
water exit saturated % diffusivity*, (Nusselt Eq.) agent added 
Run 4T/u temp., °C water solution Approach D_-sq. ft./hr. sq. ft./hr.x10° to water 
l 1250 24.8 0.0343 0.2603 13.2 2.95 x 10-° 19.5 0.05 
2 1373 24.8 0.0353 0.2603 13.6 2.59 x 10-* 22.6 0.05 
3 1423 24.6 0.0363 0.2603 14.0 2.59 10-* 24.2 0.05 
4 1530 24.5 0.0340 0.2603 13.1 2.59 x 10-* 24.3 0.05 
5 1680 24.5 0.0329 0.2603 12.65 2.59 x 10-* 26.3 0.05 
6 1703 24.3 0.0332 0.2603 12.78 2./9X10-5 27.6 0.05 
*Estimated by method of Wilke (27). 
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TABLE 6.—MASS TRANSFER OF STEARIC ACID FROM A WALL TO A FALLING ETHANOL* FILM 


Average 
Liquid 
Run 4T/u temp., °C. 

1 2700 24.8 
2 2340 24.7 
3 1980 24.7 
4 1675 24.7 
5 1350 24.5 
6 1070 24.7 
7 868 24.7 
8 665 24.7 
9 478 24.7 
10 308 24.7 


* Ethanol used was 2B alcohol. 


Tower: 30% in. coated length X0.794 in. I. D. 


Apparent 
Normality Molecular diffusivity 
Normality Saturated % diffusivity j, (Nusselt Eq.), 
exit solution Approach D,, sq. ft./hr. sq. ft./hr. x 10° 
0.00162 0.0458 3.54 2.48 x 10-5 26.4 
0.00168 0.0458 3.68 2.48 X 10-5 rd 
0.00191 0.0458 4.16 2.48 10-5 
0.00194 0.0458 4.24 2.48 x 10-5 18.3 
0.00234 0.0458 5.10 2.48 10-5 
0.00288 0.0458 6.28 2.48 X 10-5 16.8 
0.00354 0.0458 (2 2.48 X 10-5 17.0 
0.00454 0.0458 9.91 2.48 X 10-5 17.0 
0.00588 0.0458 12.8 2.48 X 10-5 16.2 
0.00837 0.0458 18.3 2.48 x 10-5 13.2 


+ Diffusivity from I. C. T. (13) for stearic acid in absolute alcohol. 


TABLE 7.—MASS TRANSFER OF PARAFFIN* WAX FROM A WALL TO A FALLING n-BUTANOL FILM 


Liquid 
Run 4T/u temp. °C 
1 376 38.3 
2 792 38.1 
3 903 38.0 
4 955 38.2 
5 1220 38.0 


* B. P. of paraffins correspond to C23. 


Tower: 35 in. coated length x 0.772 in. I. D. 


Wt. % Wt. % Apparent 
paraffin paraffin Molecular diffusivity 
in exit in saturated % diffusivity + (Nusselt Eq.), 
liquid solution Approach D,-sq. ft./hr. sq. ft./hr. x 10° 
0.124 1.50 8.27 0.503 x 10-5 10.7 
0.0718 1.50 4.79 0.503 x 10-5 123 
0.0676 1.50 4.51 0.503 x 10-5 13.2 
0.0655 1.50 4.37 0.503 x 10-5 13.4 
0.0669 1.50 4.45 )).503 x 10-5 19.2 


t Estimated acid to method of Wilke (27). 


NOTATION 


a = interfacial area per unit liquid 
volume, sq.ft./cu.ft. 
B= total film thickness, ft. 
C, = specific heat 
C = concentration of component in 
liquid 
C, = initial mixed concentration at 
time zero or at top of tower 
C;= equilibrium concentration at 
interface 
C. = mixed concentration in liquid, 
distance L from top of tower 
AC,, = mean concentration driving 
force 
D =tube diameter, ft. 
D,=molecular liquid diffusivity, 
sq.ft./hr. 
E, = apparent 
sq.ft./hr. 
Ey = eddy liquid diffusivity, sq.ft./ 
hr. 
G = mass velocity, lb./ (sq.ft.) (hr.) 
g = acceleration due to gravity, 
ft./sec.* 
9, = conversion factor, lb. mass/ 
(ft.) (lb. force) (sec.2) 
H, =height of liquid film transfer 
unit, ft. 
jp =mass transfer factor, dimen- 
sionless 
k=thermal conductivity, P.cu./ 
(hr.) (sq.ft.) (°C./ft.) 
L = tube length, ft. 
P=)b. force/sq.ft. 
s = distance from gas-liquid inter- 
face to point in liquid film, ft. 
T, = temperature of wall, °C. 
T,= initial temperature at time 


liquid diffusivity, 


Page 184 


zero or at the top of the 
tower 
T= liquid temperature, distance L 
from top of tower 
V = velocity, ft./hr. 
Vim =maximum velocity, ft./hr. 
y =distance from wall to point 
in liquid film 
yu. = viscosity, lb./ (ft.) (hr.) 
e = density, lb./cu.ft. 
= time, hr. 
[= liquid flow per unit periphery, 
lb./ (hr.) (ft.) 


LITERATURE CITED 


1. Bays, G. S., Jr., and W. H. Mc- 
Adams, Ind. Eng. Chem. 29, 1240- 
46 (1937). 

2. Boelter, L., R. C. Martinelli, and 
F. Jonassen, Trans. Am. Soe. 
Mech. Engrs., 63, 447-455 (1941). 

3. Chilton, T. H., and A. P. Colburn, 
Ind. Eng. Chem. 26, 1183 (1984). 

4. Colburn, A. P., Trans. Am. Inst. 
Chem. Engrs. 29, 174 (1938). 

5. Cooper, C. M., T. B. Drew, and 
W. H. McAdams, Ind. Eng. Chem., 
26, 428-431 (1934). 

6. Emmert, R. E., and R. L. Pigford, 
Chem. Eng. Progr., 50, 87-93 
(1954). 

7. Fallah, R., T. G. Hunter, and 
A. W. Nash, J. Soc. Chem. Ind., 
53, 368-79 (1934). 

8. Friedman, S. J., and C. O. Miller, 
Ind. Eng. Chem., 33, 885-891 
(1941). 

9. Gilliland, E. R., and T. K. Sher- 
wood, Ind. Eng. Chem., 26, 516 
(1934). 

10. Grimley, S. S., Trans. Inst. Chem. 
Engrs. (London) 23, 228, (1945). 


A.LCh.E. Journal 


11. Hodson, J. R., thesis, Mass Inst. 
Technol. (December, 1949). 

12. Hurlburt, H. Z., thesis, Mass. 
Inst. Technol. (1949). 

13. International Critical Tables, vol. 
5, McGraw-Hill Book Company, 
Inc., New York (1949). 

14. Johnstone, H. F., and R. L. Pig- 
ford, Trans. Am. Inst. Chem. 
Engrs. 38, 25 (1942). 

15. King, C. V., and W. H. Cathcart, 
J. Am. Chem. Soc., 59, 68-7 
(1987). 

16. Kirkbride, C. G., Trans. Am. Inst. 
Chem. Engrs., 30, 170-86 (1933- 
34). 

17. Linton, W. H., Jr., and T. K. 
Sherwood, Chem. Eng. Progr., 46, 
258-64 (1950). 

18. Martinelli, R. C., Trans. Am. Soe. 
Mech. Engrs. 69, 947 (1947). 

19. McAdams, W. H., “Heat Trans- 
mission,” McGraw-Hill Book Com- 
pany, Inc., New York (1942). 

20. Murphree, E. V., Ind. Eng. Chem., 
24, 726-86 (1932). 

21. Nusselt, W. Z., Z Ver. deut. Ing., 
60, 541, 569 (1916). 

22. Ibid., 67, 206-210 (1923). 

23. Prandti, L., Engineering, 123, 627 
(1927). 

24. Sherwood, T. K., and R. L. Pig- 
ford, “Absorption and Extrac- 
tion,” p. 75-86, McGraw-Hill Book 
Company, Inc., New York (1952). 

25. Surowiec, A. J., and C. C. Furnas, 
Trans. Am. Inst. Chem. Engrs., 
38, 58-89 (1942). 

26. Von Karman, T., Trans. Am. Inst. 
Mech. Engrs., 61, 705-710 (1939). 

27. Wilke, C. R., Chem. Eng. Progr., 
45, 218-24 (1949). 


Presented at the A.I.Ch.E. Glenwood Springs 
meeting. 


June, 1955 


\ 
per 
ire 
pol 
but 
tin 
fo 
ha: 
the 
an 
fre 
| ha: 
cel 
the 
an 
liq 
ch 
on 
liq 
us 
in 
tel 
co 
ea 
ti 
) wi 
st 
lic 
d 
) 
pl 
co 
he 
t 
fo 
at 


PERFORATED-PLATE EXTRACTION- 
COLUMN PERFORMANCE AND 
WETTING CHARACTERISTICS 


F. H. Garner, S. R. M. Ellis, and J. W. Hill, The University, Edgbaston, Birmingham, England 


The type of surface of the perforated plate influences the performance of a 
perforated-plate column. Pilot plant data on a 4-in column for the system toluene- 
diethylamine-water at 20°C. show that when the water phase is dispersed and the 
direction of mass transfer is from the continuous toluene to the dispersed water phase 
polyethylene plates give a continuous stream of droplets and a higher efficiency, 
but that when the direction of mass transfer is from the dispersed water to the con- 
tinuous toluene phase the metal plates give the higher efficiency. 


The design of perforated plates 
for liquid-liquid extraction columns 
has been studied with reference to 
the number of plates in the column 
and their spacing and percentage of 
free area, but little information 
has appeared in the literature con- 
cerning the effects of the nature of 
the surface of the perforated tray 
and of its drop-releasing properties. 

Usually the two phases in liquid- 
liquid extraction possess different 
characteristics; water is generally 
one of the phases, and some organic 
liquid the other phase, and it is 
usual to disperse the organic phase 
in the aqueous one. The surface 
tension of the two phases thus vary 
considerably, and in consequence 
each phase will have different wet- 
ting properties. The continuous 
water phase preferentially wets 
steel plates; the layer of organic 
liquid below the plate gives rise to 
droplets of regular size and shape 
which are formed very close to the 
plate surface, and the extraction 
column operates satisfactorily. If 
however the water phase is dis- 
persed, it still preferentially wets 
the plate, and irregular droplet 
formation results unless some alter- 
ation is made to the plate to im- 
prove droplet formation. This is 
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probably the reason why little use 
has been made in perforated-plate 
columns of systems with the water 
phase dispersed. 

An application of the wetting 
theory has been made to the opera- 
tion of a pulsed extraction column 
by use of a perforated plate divided 
into two layers of different ma- 
terial, each layer possessing dif- 
ferent wetting properties(3). The 
selection of packings with correct 
wetting characteristics giving 
higher contacting efficiency in ex- 
traction columns has also received 
attention(12). Recently a success- 
ful attempt has been made to dis- 
perse the water phase efficiently by 
fitting sharp-edged jets to the 
plates and operating the column 
above the streaming velocity; the 
efficiency of operation was greatly 
increased(13). Another method of 
ensuring good droplet release is 
changing or altering the surface 
of the plate so that the organic 
phase instead of the water phase 
will wet the trays. This can be done 
in two ways: by selecting a ma- 
terial with suitable surface char- 
acteristics for all the plates or by 
coating the surface of the existing 
plates with a suitable compound 
that will be unaffected by the solv- 
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ent action of the organic phase. 
The former method is by far the 
simpler. 

In order to provide a method of 
selecting an appropriate metallic or 
nonmetallic surface for use in a 
perforated-tray column under cer- 
tain conditions of phase dispersion, 
the contact angles made by the 
organic droplet in a water phase 
and by the water droplets in an 
organic phase have been measured 
for a number of different surfaces 
by use of the two liquid phases of 
the system under investigation. 
From an inspection of the results 
of these measurements a suitable 
material was chosen and a set of 
perforated plates made. 


EXPERIMENTAL WORK 


The experimental program investi- 
gated the wetting properties of dif- 
ferent surfaces, leading to the selec- 
tion of polyethylene for use as the 
perforated tray when the water phase 
is dispersed. Mild-steel plates have 
been found to be suitable for toluene 
dispersion in a continuous water 
phase(5). 

The results obtained with a 4-in. 
pilot plant plate column provide a 
comparison of operation for poly- 
ethylene and metal plates with the 
water phase dispersed. The factors 
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which have been investigated are 
given below in order of importance: 

1. Surface of plate—affecting drop- 
let release. 

2. Direction of solute transfer (in 
connection with 3). 

3. Phase dispersed—whether that 
extracting or giving up the solute. 

4. Upecomer height—affecting col- 
umn operation. 


Wetting Characteristics of Surfaces. 
The contact angles made by the drop- 
lets on a number of different ma- 
terials in a surrounding continuous 
phase were measured by observing the 
sessile droplet through a traveling 
microscope, which contained cross 
wires that could be rotated and placed 
along the tangent to the droplet at 
the point of contact. The angle 
through which the cross wires had 
been turned was read from a scale 
fixed to the barrel of the microscope. 
Values of the vertical height of the 
drop were also recorded together with 
its base length. The latter measure- 
ments enabled a check to be made on 
the angle of contact by application of 
the equations of Talmud and Lub- 
man(19). Samples of the surfaces in- 
vestigated were made 1 5/8-in. long 
and 1/2 in. wide and by means of a 
special brass clipped holder were im- 
mersed in the continuous phase, con- 
tained in a 6 X 6 X 6 em. glass cell 
with plain plate sides. 

It was considered necessary to 
measure both the contact angle made 
by the solvent droplet on the solid in 
water and also that made by the 
water droplet in the solvent. These 
typify instances when the water phase 
was receding and advancing, respec- 
tively. It can be shown(7) that the 
difference in the cosine value of the 
two contact angles when the water 
phase is receding and advancing is 
an empirical measure of the adhesive 


TABLE 1.—TOLUENE-WATER SYSTEM AT 20°C. 


Mild steel cadmium plated......... 
Mild steel chromium plated........ 


work between the fluids and the sur- 
face in question. 

The results of these measurements 
are given in Table 1. The negative 
sign for cos 9, — cos 9, indicates that 


the surface is hydrophilic in nature, 


being preferentially wet by the water 
phase, whereas a positive value of 
cos 9, — cos 9, indicates that the sur- 
face is preferentially wet by the 
solvent phase (hydrophobic). When 
the water phase is dispersed, the more 
hydrophobic the nature of the surface, 
the more suitable is the material for 
a perforated tray. When the solvent 
phase is dispersed, a hydrophilic sur- 
face is more efficient with regard to 
droplet release. 


From Table 1 polyethylene was 
chosen as the perforated-plate ma- 
terial in a 4-in. extraction unit using 
the system toluene-diethylamine- 
water, in order to observe the effect 
of water phase dispersion and at the 
same time to compare operation with 
the more conventional mild-steel 
plates. Polytetrafluoro ethylene (P.T. 
F.E.) would be a better material to 
employ, but its cost is at present re- 
strictive. Polyethylene relatively 


Water Water 
receding advancing 
61, 62, Cos 0; — 
degrees degrees cos 4, 
134 17 —1.66 
144 88 —0.88 
160 95 —0.77 
135 130 —0.07 
88 120 +0.85 
58 141 +1.31 
43 144 +1.54 
35 138 +1.56 
35 =180 +1.82 
32 =180 +1.85 
32 =180 +1.85 
23 =180 +1.92 


cheap and easy to machine, but it has 
a tendency to swell slightly in the 
presence of toluene. This was over- 
come to a large extent by machining 
the plates undersize and fitting gas- 
kets to avoid buckling. 

Polyethylene was used in a pulsed 
column as a perforated-plate material 
by Werning and Higbie(24), because 
of the need for resistance against 
attack in acid solutions. Teller(20) 
has also used polyethylene in the form 
of rosette rings in a packed ammonia 
absorption tower; this material was 
chosen in order to minimize any wet- 
ting contribution to transfer by the 
liquid phase and so to obtain higher 
interstitial holdup. 


Apparatus. A flow diagram of the 
pilot plant used in this study is given 
in a previous paper(5). The column 
was constructed from two 2-ft. lengths 
of 4-in. nominal-bore glass pipe with 
flat ground joints connected to a 1-ft.- 
long 6-in. bore-head section by means 
of a steel-throat section. The base of 
the glass column was attached to a 
21-in.-high conical sectional enlarged 
from 4 to 9 in. in diam. in a distance 
of 12 in. 


TABLE 2.—DETAILS OF RUN TYPES OF THE 4-IN.-TRAY COLUMN 
Average 
continuous 
No. phase rate, 
: of runs Plate Upcomer Phase Transfer cu. ft./ 
Series performed type height, in. dispersed direction (sq. ft.) (hr.) Comments 

E 3 Metal 4% Water W>T 56.5 Eff. 2-3% poor dispersion 

L 4 Metal 44 Water W>T 21.0 Eff. 7-8% poor dispersion 
Low solute transfer, but 
extreme turbulence 

kK 5 Metal 4% Water TW 21.0 Eff. 8-11% poor dispersion 
Extreme turbulence of 
dispersed phase 

F 4 Polyethylene 4% Water W>T f2@56.5\ Eff. 2-3% low solute 

\2 @21.0f transfer 

I 4 Polyethylene 4 Water T>W 21.0 Eff. 7-15% good droplet 
release 

Polyethylene 44 Water T>W 75.4 Good droplet release 

G 15 Polyethylene Water W>T 21.0 Eff. 3-7% ‘ow solute 

transfer 

H 7 Polyethylene 2 Water TW 21.0 Eff. 7-14% good droplet 

release 


In series A, B, C. and D, metal plates were used with 414-in.-high downcomers, and the toluene phase was dispersed. 


tion was mainly toluene to water (4). 
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The interface was maintained at a 
constant height in the bottom conical 
section by adjustment of the back 
pressure on the column by means of 
control valves in the exit water line. 
These valves were a 3/4-in. taper 
plug valve in parallel with a 1/4-in. 
needle valve for fine control. 

The equilibrium distribution data 
used in this investigation were ob- 
tained by Garner, Ellis and Fosbury 
(5) and Wehn and Franke(23). As 
these limiting-solubility data had been 
determined at 20°C., it was necessary 
to adjust the incoming feed liquids 
to this temperature by circulating 
water at a suitably controlled tem- 
perature through jackets surround- 
ing the constant-head standpipe be- 
tween the feed pumps and overflows. 
The temperatures of the incoming 
phases were read at phase-separating 
pots and those of the outgoing phases 
at the head and base cover plates. 

The extraction column is shown in 
more detail in Figure 1. The toluene 
inlet came to within 1 1/2 in. of the 
underside of the lower plate. The 
entering continuous lighter phase was 
thus admitted to the column as though 
it came from another plate below the 
bottom one. The heavier water phase 
flowed over the 3-in. weir down the 
wall of the column until the top plate 
was reached, where it formed a layer 
on the uppermost side. The water 
phase was thus acting in a similar 
manner to that of a_wetted-wall 
heavier phase for the first 7 in. of 
its passage down the column. 


Details of the Perforated Plate. The 
perforated plate, a plan view of which 
is given in Figure 2, was of similar 
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design to plates used in the previous 
investigation(5). The polyethylene 
plates and the metal ones were of the 
same dimensions, but the plastic 
plates were 1/8 in. thick and the 
metal plates were made from 16-gauge 
tinned-steel plates; each contained 
fifty-nine 1/8-in. holes representing 
6.02% of column cross-sectional area. 
The upcomer diameter in both cases 
was 1 in. and represented 5.35% of 
the column cross-sectional area. The 
upcomers in the polyethylene plates 
were made “push fits” instead of being 
soldered in position. Metal plates were 
made with 4 1/2-in.-high upcomers 
but the polyethylene plates could be 
fitted with either 4 1/2- or 2-in.-high 
upcomers. 

Eight plates were suspended at 
6-in. spacings on a 1/4-in. central 
rod. Because of a constriction in the 
column diameter at each butt weld, 
the plates were cut to 3 15/16 in. 
and fitted with overlap gaskets in 
order to seal the gaps between the 
plates and the column wall. 

The height of the upcomer assigned 
to each plate, together with the de- 
tails of each group of runs, can be 
seen from Table 2. 


RUN PROCEDURE 

Most of the runs were carried out 
at the same low continuous toluene 
rate of approximately 21.0 cu.ft./ 
(sq.ft.) (hr.), or 12.3 lb.moles/ (sq.ft.) 
(hr.), with the exception of the E, F, 
and J runs, which were at higher 
toluene rates (see Table 2). This low 
rate of continuous phase was chosen 
so that a usual study of droplet re- 
lease with variations in dispersed- 
phase flow rate might be made, and 
at the same time a variation in 
H.T.U.,, and E, as a result of chang- 
ing L, was avoided, as observed by 
Garner, Ellis and Fosbury(5). 

The following liquids were used: 
toluene of nitration grade, diethyla- 
mine of 97% purity, and distilled 
water. This system has previously 
been used in packed columns by 
Morello and Beckmann(15), Leibson 
and Beckmann(10), and Wehn and 
Franke(23), and in earlier work by 
Garner, Ellis, and Fosbury(5), using 
the same 4-in. column. The equilibrium 
data of the latter two groups of 
workers have been used. 

Before each run the phase contain- 
ing the solute was made up to ap- 
proximately 1.0% diethylamine by 
weight, and after the run about 10 
to 15 gal. of extracting phase were 
replaced by an equal quantity of 
solute free phase. 

With toluene as the continuous 
phase, water was admitted until a 
sufficient layer had collected at the 
base of the column to provide an 
interface reading, and then the col- 
umn was filled with the continuous 
phase. After the interface valve was 
closed, the desired water rate was 
set, while the interface steadily rose. 
On opening of the interface valve, 
water was released until no further 


A.L.Ch.E. Journal 


Fic. 2. PLAN VIEW OF THE 
PERFORATED PLATE. 


toluene was pushed out of the column. 
The desired toluene rate was then set 
and the interface accurately adjusted. 

After the elapse of sufficient time 
for two to three changes of con- 
tinuous phase to take place, samples 
of each phase entering and leaving 
the column were taken, and again at 
intervals of 15 min. for the next 1/2 
hr. Outlet flow rates were measured 
at points immediately after the weir 
vessels twice during this period. The 
time taken for each run was between 
1 1/2 and 2 hr. 

The three sets of samples of the 
inlet and outlet phases were bulked 
and analyzed for solute content using 
N/15 HCl. The density of the phases 
at 20°C. was determined by use of a 
Westphal balance. The average of the 
flow checks was used to determine 
the flow rates during the runs. 


CONTROLLING RESISTANCE AND 
EXTRACTION FACTOR 
When the equilibrium distribu- 
tion for this system is plotted on a 
mole fraction basis at 20°C., the 
solute favors the toluene phase with 
dC, 
the partition coefficient, 
ing a value of 3.18. The equilibrium 
line is straight at low solute con- 
centrations. 
If y refers to the dispersed phase 
and a to the continuous phase, then 


, hav- 


When toluene is dispersed. m = 
Wn _ 348 When, however, the 


dCp 

water phase is dispersed, m = WC, 

é 

— 0.314, with the solute still favor- 
ing the toluene phase. 

Thus if the water phase is dis- 


persed, the factor in Equation 


mk yp 
(1), relating the over-all continu- 
ous mass transfer coefficient to the 
film values, is relatively high and 
the dispersed-water-phase  resist- 
ance is controlling. 
Koc ke mk p 
The extraction factor, which is 
an indication of economic opera- 


Page 187 


Frere Ser Pins 
A : 
Rive. 
oo 
6 | Se ) 
8 Oo 
7 ! Per 
5 40 
1 A 
4 PERFORATIONS 
PLATE 
5 | 
5 | 
2 
d \ 
] | TOLUENE N 
WATER OUT 
) 
Fie. 1. 
Ss 
dy* 
- =m 
dx 


tion, has been defined by Treybal 
(21) and other workers in the fol- 
lowing manner: 


: _ dC, E 
Extraction factor = IC, * Where 


E=the extracting phase—the 
phase receiving the solute 
R =the raffinate phase 
C, and Cp=the concentrations of 
solute in the extract 
and raffinate phases 


As indicated by Pike(16), the 
extraction factor will change ac- 
cording to the conditions existing 
in the column: 


1. Toluene dispersed. a. Transfer 
T>W (water the extracting 
phase) 

dCw Vw _ 

dCyo Ve Lo 


Extraction factor = 


b. Transfer W>T (toluene the 
extracting phase) 


Vor _ 
Extraction factor 
dCp Vp Lp 
Vo Le 
2. Water dispersed. a. Transfer 
T>W 
Extraction factor = 7." 
dCy Vo 
dCo Ve Le 
b. Transfer W>T 
dCg Vo _ Le 
Vp mbLyp 


Hence the magnitude of the ex- 
traction factor will depend not only 
on the individual flow rates but also 
on the direction of transfer and 
on which phase is dispersed. The 
range of extraction factor used in 
this work was 0.1-2.0 with trans- 
fer D>C, and 2.0-12.0 with trans- 
fer C>D, the water phase being 
dispersed. 


CALCULATION OF MASS TRANS- 
FER DATA 


For low solute concentrations 
and immiscibility of the two phases, 
the operating line can be expressed 
in the form of a linear equation: 


L L 
@) 


avg 


L 
where (y——“-2x),,, is the arith- 
Lp 
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With zero mass balance error y; — 
an are equa 
and the operating line passes 
through the terminal composition 
points. When a mass balance error 
exists, the composition points lie 
equidistant on either side of the 
operating line. As the flow-rate data 
are believed to be more accurate 
than the volumetrically determined 
concentration data, corrected values 
of the terminal compositions were 
used for all performance calcula- 
tions. The terminal compositions 
were obtained graphically by tak- 
ing the points on the operating line 
nearest to the composition points 
and were not greatly different from 
the original values. 

The evaluation of H.T.U. data 
was made by dividing the column 
height used by the number of 
transfer units, which were deter- 
mined by Equations (3) and (4). 


Niop = : é 
mb y2 — 
Le 
1 1- 
@) 


Interterm sign positive when y,;>¥Y. 
In E — 
Lys — mare 


1 1 


Interterm sign positive when 71>%> 

These equations apply where Lg/ 
Lpy#m. For the case where Lg/ 
Lp =m, then 


= Nioc = Nag = ———— 


Equations (1) and (2) are Col- 
burn’s equations simplified by Wie- 
gand to apply to dilute solutions. 
In most runs the correction terms 
to Equaticns (3) and (4) were 
less than 0.008. From the forego- 
ing equations it can be seen that 


L 
Hioc = (22) Hiop (5) 


The efficiency of column per- 
formance has been expressed in a 
number of ways. Mayfield and 
Church(13) used the McCabe- 
Thiele type of plot(14) to obtain a 
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continuous- or dispersed-phase ef- 
ficiency, whereas Pyle, Colburn, and 
Duffey(17) used the Baker-Stock- 
hardt modification to give an aver- 
age efficiency based on either phase, 
The efficiency E', used in this work 
was evaluated from the number of 
theoretical stages, determined by 
Equation (6), and the actual num- 
ber of plates in the column. The 
H.E.T.S. was evaluated from the 
effective height and N,. The num- 
ber of theoretical’ stages is de- 
termined by 


mL p 


This equation was obtained from 
a stepwise analysis(5) of the 
theoretical concentration changes 
in a column containing N, theoreti- 
cal stages and is not dependent on 
either of the phases. 

The over-all volume mass trans- 
fer coefficient Kpa and K,a were 


calculated from the H.T.U. data by - 


use of the simplified relations for 
dilute solutions: 


Ve Vo 

Kea = and Kpa (7) 

For the purposes of calculation 
the phase concentrations were con- 
verted to mole fraction units by 
use of the average phase molecular 
weights, which were not signifi- 
cantly different from 18.1 for the 
water phase and 91.8 for the 
toluene phase. The average phase 
temperatures were all within the 
range 20 +1°C. 


RESULTS 


The results obtained  experi- 
mentally from the operation of the 
column are presented in Table 3 
together with the calculated per- 
formance data. The phase flow 
rates are given in pound moles per 
square feet per hour and also cubic 
feet per square feet per hour and 
the phase solute concentrations for 
the entering and leaving liquids in 
pound moles per square feet. The 
column height, as shown in Table 
3, is the distance between the top 
of the inlet weir and the two-phase 
interface. The percentage mass 
balance error, also in Table 3, is 
defined by (solute out—solute in)/ 
solute in. The over-all H.T.U. and 
over-all volume mass transfer coeffi- 
cient based on the dispersed and 
continuous phases are also given. 
The efficiency, as calculated from 
Equation (6) and the number of 
plates in the column, is included in 
Table 3. 
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TABLE 3.—EXPERIMENTAL RESULTS AND PERFORMANCE DATA 
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The results for the G runs in 
Figures 9 and 11, with solute trans- 
fer from the dispersed water phase 
to the continuous phase, show a 
lack of reproducibility in contrast 
to all the other curves, although 
the mass balance errors for all the 
runs are quite low. 


Effect of the Plate Surface. If the J 
and K runs are compared (both 
have 4 1/2-in.-high upcomers and 
transfer direction continuous to 
dispersed, but the J runs were with 
the polyethylene plates and the K 
runs with mild-steel plates), it can 
be seen from Figure 10, showing 
efficiency EF, vs. Vp, that the effi- 
ciency at the same dispersed flow 
rate is about 25 to 30% higher for 
the runs with the polyethylene 
plates than with the metal plates. 
This increase in efficiency would 
probably be higher if a system 
had been used in which the drop- 
lets circulated; it has been shown 
(6) that the system toluene-di- 
ethylamine-water does not circu- 
late under any conditions. 

Typical photographs showing the 
performance of the polyethylene 
plates in the G and J runs and the 
mild-steel plates in the L and K 
runs are presented in Figures 3 to 
8. The photographs are enlarge- 
ments taken from 16-mm. cine film 
shots of the conditions existing 
during a particular run on the 
sixth plate from the base of the 
column. 

It was not possible to determine 
accurately the number and size of 
the droplets in the column at any 
one time because the _ surface 
through which they were photo- 
graphed was the curved column 
wall, which undoubtedly gave rise 
to distortion. 

In Figures 3 to 8, the polyethy- 
lene plates give a continuous stream 
of relatively smail droplets of fair- 
ly uniform size, but the metal 
plates produce “blobs of dispersed 
phase at regular intervals’; be- 
tween these intervals a few drop- 
lets were formed, but they were 
quite irregular in size (see Figure 
6, run K 4). Figures 3, 4, and 5 are 
with polyethylene plates and Fig- 
ures 6, 7, and 8 with metal plates. 
The blobs of water phase that 
occurred with the metal plate un- 
derwent considerable turbulence as 
they fell from plate to plate. Some 
of the dispersed phase adhered to 
the central supporting rod and 
some fell down the column wall as 
a falling film. This unfortunately 
cannot be observed in the photo- 
graphs as the continuous toluene 
phase at times became quite cloudy 
owing to the presence of water. 
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Effect of Transfer Direction. The 
direction of solute transfer will 
affect the resistance of the water 
film under certain conditions. Fig- 
ure 11 shows a plot of the over-all 
volume mass transfer coefficient for 
the continuous toluene phase vs. 
the dispersed phase flow rate; the 
continuous rate constant 
throughout except for run J 1. A 
similar plot can be drawn for Kpa 
as K,a/K,a equals the distribution 
coefficient in volume units. The 
higher the value of Kya, the less 
the resistance of the controlling 
film. Both the polyethylene and 
metal plates show higher values of 
K,a for transfer from continuous 
to dispersed than in the opposite 
direction for the same upcomer 
size, the polyethylene plates having 
a higher Kya than the metal plates. 
The metal plates, however, appear 
more efficient than the polyethylene 
plates when the solute transfer is 
from the dispersed water phase to 
the continuous toluene phase as 
more turbulence and breakup of 
the dispersed phase is present with 
the metal plates, and this assists 
transfer although the area of con- 
tact is reduced. The plot of EF, 
vs. mL,/L,> in Figure 9 also shows 
that the polyethylene plates are 
more suitable for water dispersion 
when the solute transfer is to the 
water phase. 

Licht and Conway(11) have sug- 
gested that considerable hydrogen 
bonding exists between the solute 


6. 
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molecule and the water molecules 
and that hence when the solute is 
put in the water phase (extraction 
W to T) orientation-and-hydrogen 
bonding takes place with the NH 
end of the diethylamine molecule 
in the water phase. When the solute 
is extracted from the water phase, 
the final break comes between the 
NH linkage and the OH groups of 
the water. If however the diethyl- 
amine is placed in the toluene 
phase (extraction T to W), no 
orientation occurs and the final 
separation involves overcoming of 
the Van der Waals forces between 
the organic part of the solute mole- 
cule and the toluene. As the forces 
of adhesion due to hydrogen bond- 
ing are more intense than those 
holding the organic end of the 
solute molecule and the organic 
phase together, transfer will be 
easier when water is the extract- 
ing phase. This is in agreement 
with the foregoing observations. 


The Dispersed Phase. The work of 
Johnson and Blias(8) with a spray 
tower indicates that the phase re- 
ceiving the solute should be dis- 
persed for efficient operation. It 
will therefore be advantageous to 
operate the column at a high ex- 
traction factor by dispersing the 
water phase efficiently, with the 
use of polyethylene plates, and 
transferring the solute to the water 
phase. This results in higher solute 
transfer, as seen in the previous 


Fig. 8. 
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section on the direction of trans- 
fer. 
Although droplet release was ex- 


tremely good with the polyethylene 


plates in the G runs (see Figures 
3 and 4), with transfer from the 
dispersed to the continuous phase, 
the metal-plate runs with the same 
transfer direction (Z runs) ex- 
hibited higher efficiencies. The ex- 
traction factor was unfavorable for 
high solute transfer, and conse- 
quently the greater turbulence and 


not so noticeable at the lower rates. 
This increase in efficiency is irre- 
spective of transfer direction (see 


Figure 9 for transfer in the op- 


posite direction with polyethylene 
plates). No comparisons were made 
for metal plates, as only one up- 


comer size was available. In Fig- 
ures 9 and 10 run H 7 was on the 
verge of flooding, and hence the 
fall off in efficiency at high dis- 
persed rates for the 2-in. upcomer 


with polyethylene plates. 


than vertically up the column. On 
these grounds it would be expected 
that a short upcomer would give 
more efficient operation than a 
large one. 


H.T.U. DATA 

As a matter of further interest 
the H.T.U.,, data for the runs are 
plotted in Figure 12 in the manner 
adopted by most workers(1, 9, 15, 
18,22). 

A set of straight lines is ob- 
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Fic. 11. EFFECT OF TRANSFER DIRECTION ON Kea AS 


A FUNCTION OF WATER RATE (Lg=21 FT./HR. 


EXCEPT J). 


shear of the water phase (in the L 
runs) due to the breakup of the 
blobs was more effective than the 
higher interfacial area obtained 
with good droplet release in the G 
runs. 


Effect of Upcomer Height. Figure 
10 indicates that the 2-in.-high up- 
comer is more efficient than the 
4 1/2-in.-high one at high dispersed 
phase flow rates, but the effect is 
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Fic. 12. H.T.U.g¢ vs. EXTRACTION Factor L,/mzp 


(Log = 21 FT./HR. EXCEPT J). 


The height of the upcomer has 
a direct bearing on the amount of 
turbulence and contact in the zone 
of free fall of dispersed phase be- 
tween each plate. A short upcomer 
results in better counter current 
contact than does a large upcomer 
where the movement of continuous 
phase is nearly at right angles to 
the flow of dispersed phase; that 
is, the continuous phase moves 
across from plate to plate rather 


A.I.Ch.E. Journal 


tained. For the G runs the line was 
selected from the line shown in 
Figure 11 in order to avoid scatter. 

It has been the usual practice in 
the past to identify the slope and 
intercept of this line with the film 
values in accordance with the equa- 
tion 


H.T.U.0c¢ H.T.U.¢ 


(8) 


Lp 
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In some instances however nega- 
tive intercepts have been obtained 
(9,15,18), and the identification 
of the slope and intercept with the 
film values has been discussed(5). 

It is interesting to note from 
Figure 12 that similar intercepts 
are obtained for different plate sur- 
faces. For both polyethylene and 
metal plates the direction of mass 
transfer does influence the inter- 
cept and slope of the H.T.U.9¢ plot. 
Table 4 includes the slope and in- 
tercept data extrapolated from 


Figure 12. 
TABLE 4 

Trans- 

fer 
Plate type, Inter- direc- 

water dispersed cept Slope tion 
Polyethylene.. 0.55 15.6 T>W 
Metal. 0.70 201 ToW 
Polyethylene... 2.15 362 
2.00 148 WoT 


Because the continuous phase 
flow rate was constant, both the 
slope and intercept appear to be 
independent of the dispersed phase 
flow rate. Garner, Ellis and Fos- 
bury(5) found that the effects of 
the dispersed and continuous phase 
flow rates on H.T.U.9¢ were equal 
but operated in opposite directions. 


CONCLUSIONS* 

Pilot plant data for the system 
toluene-diethylamine-water at 20°C. 
are given for a 4-in. perforated- 
plate column using metal and poly- 
ethylene plates with the water 
phase dispersed and solute trans- 
fer in both directions. The column 
was operated under varying con- 
ditions of dispersed flow and a 
constant continuous phase through- 
put of 21 cu.ft./ (sq.ft.) (hr.). The 
range of dispersed phase flow rates 
covered was 15 to 150 ft./(hr.). 
Stage-efficiency data vary from 2 
to 15% and the H.T.U.o, data 
range from 2 to 50 ft. 

The contact angles made by 
toluene and water droplets on a 
number of different materials in a 
surrounding continuous phase have 
been measured by the sessile drop- 
let method. The surface of the per- 
forated plate has been found to 
have a distinct influence on the 
operation of the plate column. The 
surface used for the plate must be 
hydrophobic when the water phase 
is dispersed, to ensure production 
of droplets from the plate surface 
at regular intervals. Polyethylene 
is suitable for this purpose. 


*Since this paper was written, another paper 
on the subject has come to the authors’ notice. 
R. H. Buchanan [Australian J. Appl. Sci., 3, 
233 (1952) ] in his.qualitative study of drop 
formation from wetted orifices has considered 
the effect of velocity and varying orifice ma- 
terials. He concludes that strongly hydrophobic 
materials cannot be used to disperse a hydro- 
een liquid or strongly hydrophilic materials a 
ydrophilic liquid. 
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The system  toluene-water-di- 
ethylamine is noncirculating, and 
therefore the increase in efficiency 
obtained by the use of polyethylene 
plates instead of metal plates, 
which produce poor dispersions of 
water phase, is not so high as that 
expected from a system in which 
the droplets circulate. It is hoped 
in the future to investigate such a 
system. 

With the diethylamine system 
the controlling resistance lies in 
the water phase when mole fraction 
units are employed, and it has been 
found that the efficiency of opera- 
tion is higher when solute transfer 
is to the dispersed water phase 
rather than from the water phase, 
because of hydrogen bonding. The 
direction of mass transfer has also 
been shown to affect the value of 
the extraction factor significantly. 

Single-line correlations have been 
obtained for the H.T.U.o, vs. Lg/ 
mL plots, the slopes and intercepts 
of which depend on the direction 
of mass transfer and the plate sur- 
face used. Although the transfer 
direction affects both the slope and 
intercepts of these correlations, the 
type of plate surface affects only 
the slopes. 


NOTATION 


C7, Cw = concentration of solute in 
the toluene and water 
phases, g.moles/ liter 

E4 = average over-all stage effi- 

ciency, from N, 
H.T.U.9p, H.T.U.pp =height of 
Hiop, Hioc over-all trans- 
fer unit, based 
on dispersed 
and continu- 
ous phases, ft. 

H.T.U.p, H.T.U., = height of film 

transfer unit, 
based on dis- 
persed and con- 
tinuous phases, 


Koe,Kop,kckp = over-all and_ indi- 
vidual extraction 


coefficients,lb.moles 
/(eu.ft.) (hr.) (Ih. 
moles/cu.ft.) 
Kpa,Koa,kpa,koa = over-all and in- 
dividual volume 
coefficients, Ib. 
moles/ (sq.ft.) 
(hr.) (1b.moles/ 
cu.ft.) 
Ly, Le = dispersed and continuous 
phase flow rate, lb.moles/ 
(sq.ft.) Chr.) 
m = slope of the equilibrium distri- 
bution curve dy*/dz 
N, = number of theoretical stages 
=number of 
Niop; Nioc over-all trans- 
fer units 
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Vp, Ve = dispersed and continuous 
phase flow rate, cu.ft./ 
sq.ft.hr. 

x = concentration of solute in the 
continuous phase, mole frac- 
tion 

y = concentration of solute in dis- 
persed phase, mole fraction 

y* = concentration of solute in dis- 
persed phase, at equilibrium 
mole fraction 


Subscripts 
1 and 2 = column base and top con- 
centration terminals 
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HEAT AND MASS TRANSFER IN 
PACKED BEDS 


DONALD A. PLAUTZ and H. F. JOHNSTONE 


Eddy mass diffusivities, effective thermal conductivities, and wall heat transfer 
coefficients were measured in an 8-in. tube packed with 12- and %4-in. glass spheres. 
Superficial mass velocities ranged from 110 to 1,640 Ib./(hr.) (sq. ft.), corresponding 
to modified Reynolds numbers of 100 to 2,000. Air was the main stream fluid in 


all cases. 


The modified Peclet group (D,)V/E*,;) was found to be constant at a value of 
about 12 in the region of fully developed turbulence. At lower Reynolds numbers 
this group varied with the flow rate. Effective thermal conductivities were correlated 
by an equation. Modified Peclet numbers for heat transfer were about 25% less 
than those for mass transfer. The wall heat transfer coefficient varied with the 
superficial mass velocity as h,, = 0.090(G,°-7). 

An explanation is suggested for the similarity in velocity dependence between these 
values and those for turbulent flow in an empty tube, based on channeling at the wall. 


Among the recent advances in 
chemical engineering has been the 
development of analytic methods 
for the rational design of nonadia- 
batic, fixed-bed, catalytic convert- 
ers. To apply these methods, a 
knowledge of radial heat and mass 
transport rates in the system is 
required. Temperatures and con- 
centrations must be known as func- 
tions of the position in the bed in 
order to allow for their effects on 
the reaction rate. 

The only reported studies of 
lateral mass transport rates in 
flowing fluid-packed-bed systems 
are those of Bernard and Wilhelm 
(2) and Latinen(11). The former 
measured eddy-diffusion rates for 
3/8-in. alumina spheres in an 8-in. 
column with air as the main stream 
fluid and for several sizes of cylin- 
ders and spheres in a 2-in. tube 
with water as the main stream 
fluid. Latinen extended the range 
of this work to the water-solids 
system. All data were taken with 
the bed at a uniform temperature, 
and the results were expressed as 
modified Peclet numbers. 

Earlier studies (8,12 to 14,17) 
on heat transfer in packed beds 
were confined to measuring bound- 
ary temperatures, and_ results 
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were reported as over-all thermal 
conductivities or over-all heat 
transfer coefficients. These values 
incorporate the resistance to heat 
transfer within the bed as well as 
the heat transfer resistance at the 
walls of the confining tube and thus 
do not provide a basis for predict- 
ing radial-temperature gradients. 

Radial heat transfer rates have 
been obtained from measured radial 
temperature traverses by Coberly 
and Marshall(5), Felix and Neill 
(6), Campbell and Huntington(4), 
Irvin, Olson, and Smith(9), Bun- 
nell, Irvin, Olson, and Smith(3), 
and Schuler, Stallings, and Smith 
(15). Results were reported in 
terms of effective thermal conduc- 
tivities of the gas-solid bed. It was 
also noted that the resistance to 
heat transfer in a bed increased 
near the confining walls. Coberly 
and Marshall, Felix and Neill, and 
Campbell and Huntington account 
for this by assuming k, to be con- 
stant within the bed and postulate 
a heat transfer coefficient at the 
wall. Irvin et al., Bunnell et al., and 
Schuler and Smith handle this 
problem by decreasing the effective 
thermal conductivity values near 
the wall. 

Baron(1), and Latinen(11) ana- 
lyzed turbulent diffusion in packed 
beds on the basis of a “random 


A.I.Ch.E. Journal 


University of Illinois, Urbana, Illinois 


walk” theory. Their analysis indi- 
cates that when turbulence is fully 
developed, the Peclet numbers for 
heat and mass transfer should be 
equal and constant at a value of 
about 11. Results of the previous 
investigations, however, have shown 
Peclet numbers for heat transfer 
to be less than those for mass 
transfer. There has been some 
doubt as to whether this discrep- 
ancy arises from differences in ex- 
perimental techniques or from dif- 
ferences in bed-temperature con- 
ditions encountered in the two 
types of measurements. The present 
investigation has been conducted 
with the following objectives: (1) 
to extend isothermal-eddy-mass- 
diffusion measurements for a gas- 
solids system and to compare these 
values with those measured in the 
presence of a temperature gradi- 
ent; (2) to measure eddy-mass 
diffusivities and effective thermal 
conductivities under identical tem- 
perature, bed, and flow conditions 
to permit a comparison of Peclet 
numbers for heat and mass trans- 
fer; and (3) to study the wall ef- 
fect in greater detail. 

In a cylindrical nonadiabatic 
fixed-bed catalytic converter, heat 
and mass move from regions of 
high concentrations to regions of 
low concentrations through the in- 
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terstices of the bed. In the ranges 
of flow encountered in industrial 
practice, longitudinal or axial 
transfer occurs primarily by the 
mechanism of velocity transport; 
that is, heat and mass are carried 
by the net mass flow of the fluid. 
Since it is unlikely that there is an 
appreciable net mass flow of fluid 
in the radial direction, radial trans- 
port is believed to result primarily 
from interstitial fluid mixing. 
Evaluating lateral transport param- 
eters from an analysis of this 
mixing process, however, has met 
with only limited success as the 
fluid mechanics of flow in a packed 
bed has not as yet been developed. 

A less rigorous but more success- 
ful approach to this problem has 
been to treat the system as though 
it were a homogeneous material 
and incorporate all transport mech- 
anisms except mass flow into an 
over-all diffusion mechanism. This 
assumes that the presence of the 
packing need be considered only in- 
sofar as it affects the numerical 
value of the diffusion coefficient. 
Although there is no theoretical 
basis for this procedure, it is ac- 
ceptable if the over-all diffusion 
coefficient is assumed to be a func- 
tion of aJl the variables that affect 
the actual transfer mechanisms 
operating in the bed. 

Employing this concept, one can 
write a single equation to describe 
both heat and mass transfer in a 
packed bed. In cylindrical coordi- 
nates this equation is 


* 2 2 
oz 2 

or 


(1) 
The assumptions inherent in Equa- 
tion (1) are 


1. The. bed is isotropic; ie., H,* in 
the radial direction is equal to E,,* 
in the axial direction. 

2. H,* and V do not vary with 
radial position or bed depth. 

3. Radial symmetry prevails. 

4, The velocity in the radial direc- 
tion is zero. 

5. The fluid properties are constant. 

6. The process is at steady state. 

7. No chemical reaction is occur- 
ring. 


In the case of mass transfer 
where natural convection is negli- 
gible, the total diffusivity is the 


sum of two diffusion processes 
operating in parallel. One is molec- 
ular diffusion in the fluid phase, 
and the other is a diffusion process 
arising from turbulent mixing in 
the bed interstices, known as eddy 
diffusion. 

Equation (1) has been inte- 
grated(2) for the case of mass dif- 
fusion from a point source into a 
flowing stream of infinite extent: 


(2) 

This solution includes a simplifi- 
cation possible when Z>5R. 

The problem of heat transfer in 
packed beds is complicated by the 
existence of transfer mechanisms 
other than those of diffusion and 
by the fact that heat is also trans- 
ferred through the confining walls 
of the bed. The first difficulty can 
be circumvented by defining a total 
diffusivity, usually expressed as a 
total or effective thermal conduc- 
tivity, which includes the rates of 
heat transfer due to molecular con- 
duction, radiation, particle-to-fluid 
transfer, and natural convection, 
in addition to eddy conduction. Un- 
der these conditions Equation (1) 
becomes 


at ke ( 
or” ar ag 2 

The term k,(0t/0z2) represents 
the heat transferred by diffusion 
in the direction of flow. Except at 
very low velocities this quantity is 
small compared with that carried 
by mass flow of the fluid and can 
be neglected. Thus 


at ke 1 a 
@ 


2 
or 


GoCp 


Radial temperature’ traverses 
have shown the existence of very 
steep temperature gradients next 
to the wall when heat is being 
transferred through the wall. This 
indicates an added resistance to 
heat transfer at the wall and has 
given rise to the concept of a wall 
heat transfer coefficient for a 
packed bed. Coberly and Marshall 
defined this coefficient as 


TABLE 1.—PHYSICAL PROPERTIES OF GLASS SPHERES 


Nominal Average Absolute Thermal 
diameter, ’ diameter, density, conductivity, 
in. ft; Ib. mass/cu. ft. B.t.u./(hr.) (sq. ft.) (°F. /ft.) D,/D, 
1/2 0.0437 151.6 0.60 0.065 
3/4 0.0596 151.6 0.60 0.088 
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Fic. 1. FLOw DIAGRAM OF EXPERI- 
MENTAL EQUIPMENT. 
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Fic. 2. COMPARISON OF MEASURED 
TEMPERATURE GRADIENTS WITH THOSE 
CALCULATED FROM EQUATION (7). 


ot 
(2) hw (tro tr) (5) 


EXPERIMENTAL EQUIPMENT 


Eddy mass diffusion measurements 
were made by injecting a_ small 
stream of a foreign gas into the 
center of the fluid stream at the base 
of the packing and measuring the 
resulting concentration profiles at a 
given bed depth. Heat transfer meas- 
urements were made in a_ steam- 
heated, fixed-bed heat exchanger. 
Radial-temperature profiles were 
measured at several bed depths for 
a given flow rate by means of a high- 
velocity thermocouple probe placed 
immediately above the packing. Air 
was used as the main stream fluid, 
and sulfur dioxide as the tracer gas. 

A schematie diagram of the experl- 
mental equipment is shown in Figure 
1. The column was constructed from 
a 66-in. length of standard 8-in.,, 
Schedule-20, steel pipe, with a bolt 


June, 1955 


* 
-vi) 
Ch AZ 
flang 
was 
12-i 
abo 
entr 
ore 
| 
9 cons 
stall 
| tem] 
A the 
Stet 
140P — x 
cont 
trol 
soci 
120) 
pres 
in. | 
gal. 
sect 
cen 
line 
the 
sect 
The 
mo 
flan 
rat 
a b: 
Sta 
the 
pas 
hea 
coo 
per 
con 
fice 
abl 
cou 
per 
sist 
per 
in 
the 
ni 
mit 
wit 
cop 
cop 
bea 
tac 
len 
Vo 


RI- 


BED TEMPERATURE -°F 


30 


TABLE 2.—EFFECT OF BED DEPTH ON WALL HEAT TRANSFER COEFFICIENT 


Nye: 1,000 
G*: 820 Ib./(hr.) (sq. ft.) 


Incremental bed 
depth, in. 


0-8 

8-16 
16-24 
24-32 
32-40 
40-46 
Over-all 


flange welded to its lower end. This 
was jacketed with a 4-ft. section of 
12-in. pipe, starting at a point 12 in. 
above the column flange. The lower 
unjacketed portion constituted an 
entrance section which allowed the 
fluid to establish a flow pattern be- 
fore entering the measuring section. 
Eleven equally spaced No. 24 copper- 
constantan thermocouples were in- 
stalled in the jacketed portion of the 
tube wall for measuring the tube-wall 
temperature. Steam was admitted into 
the jacket through its upper jacket 
flange, and condensate was withdrawn 
through the lower jacket flange. 
Steam pressure in the jacket was 
controlled by a Fisher diaphragm con- 
trolled valve, type 57T, and an as- 
sociated pilot unit. In all cases the 
pressure was controlled at 8 lb./sq. 
in. gauge. 

The base of the column was a 55- 
gal. steel drum which had a 12-in. 
section of 8-in. pipe welded in the 
center of the top and was pierced 
across the midsection by the air-inlet 
line. To aid in emptying the column, 
the base was joined to the column 
through an easily removable 12-in. 
section of similar pipe bolted in place. 
The packing was supported by a re- 
movable grid bolted to the column 
flange. 

Air was supplied from a 10-hp. 
Roots-Connorsville cycloidal blower, 
rated at 200 std.cu.ft./min., with 
a back pressure of 7 lb./sq. in. gauge. 
Standard 2-in. steel pipe served as 
the air line. The air to the column 
passed over an internal electrical 
heating coil and then over copper 
cooling coils to permit accurate tem- 
perature control. Metering was ac- 
complished by means of a set of ori- 
fice flanges fitted with interchange- 
able orifice plates. 

A modified high-velocity thermo- 
couple probe was used to make tem- 
perature measurements. This con- 
sisted of seventeen 3/32-in. I.D. cop- 
per tubes 3 in. long; all were mounted 
in a header on 1/2-in. centers except 
the two extreme tubes, which were 
mounted on 3/8-in. centers. This per- 
mitted temperature measurements to 
within 3/16-in. of the wall. Each 
copper tube contained a 24-gauge 
copper-constantan thermocouple, the 
bead of which was kept from con- 
tacting the tube by means of a short 
length of ceramic tubing. When the 
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Wall temperature: 231.4° F. 
34 in. spherical packing 


hy 


11.95 
14.00 
13.00 
13.25 
14.52 
11.72 
13.29 


probe was in operation, air was drawn 
through the tubes at a velocity equal 
to that of the air in the bed to mini- 
mize mixing effects due to drawing 
in air at too high a rate. The air in 
the tube was accelerated in the 
vicinity of the thermocouple bead by 
the constriction formed by the bead 
and ceramic tube. A Leeds and 
Northrup portable precision potenti- 
ometer was used to measure thermo- 
couple electromotive forces. 

Sulfur dioxide of 99.9% purity, 
was used as the tracer gas in mass 
diffusion runs. It was piped from the 
cylinder to a 1/4-in. stainless steel 
needle valve and then through one 
of two rotameters to the injection 
tube, an L-shape piece of 1/8-in. 
galvanized pipe passing through the 
column wall 3 in. above the flange 
and opening into the‘center of the 
column on a level with the lower 
steam-jacket flange, which constituted 
the beginning of the measuring sec- 
tion. 

The mass-diffusion sampling probe 
consisted of nine sampling tubes, one 
aligned along the central axis of the 
column and the others spaced 3/4, 
1 1/2, 2 1/4, and 3 in., respectively, 
from the center alorg one radius and 
11/8, 1 7/8, 2 5/8, and 3 3/16 in., re- 
spectively, from the center tube along 
the other radius. The upper ends of 
the sampling tubes were connected by 
means of copper tubing to a bank of 
1/4-in. gate valves, all of which were 
connected to a common sampling line. 
Concentrations of sulfur dioxide in 
the air were measured by means of a 
Thomas Autometer (7,18). 


PROCEDURE 


Two sets of data were taken in the 
mass transfer part of the work: one 
with the bed at a uniform tempera- 
ture and the other with a temperature 
gradient impressed across the bed. 

For isothermal runs the bed was 
first packed to the desired depth and 
the sampling probe lowered into posi- 
tion. The blower was started, the 
barometer and air-temperature ther- 
mometer were read, and the air rate 
was adjusted to the proper value. 
Sulfur dioxide was admitted into the 
column at the base of the measuring 
section through the injection tube at 
a velocity just slightly less than the 
average linear velocity of the air in 


A.IL.Ch.E. Journal 


the bed interstices. The valve of the 
desired sampling tube was opened 
and the sample-line vacuum system 
and sulfur dioxide analyzer turned 
on. When steady state conditions were 
reached, the sulfur dioxide concen- 
tration was obtained from the Thomas 
Autometer. A different sampling tube 
was then connected in the line and 
the procedure repeated. 

When runs were made with a tem- 
perature gradient across the bed, an 
identical procedure was followed ex- 
cept that before the tracer gas was 
admitted to the column the- steam 
was turned on and the equipment al- 
lowed to attain a thermal steady 
state. The tracer gas was then turned 
on and the run proceeded as before. 

For heat transfer measurements, 
the blower was started and the air 
flow adjusted to the approximate rate 
by means of a bleed valve. Steam was 
turned on and the pressure in the 
steam jacket adjusted to 8 lb./sq. in. 
gauge. The column was packed until 
the top of the packing was coincident 
with the lower steam-jacket flange. 
The air-line temperature was ad- 
justed to 85°F. by means of heating 
and cooling coils, the barometer read, 
and the air rate adjusted to the exact 
value. The thermocouple probe was 
then lowered into the column until the 
tubes were at the level of the packing 
but not touching it. The vacuum sys- 
tem was started, and flow in the vac- 
uum line adjusted to the proper rate. 
After steady state was achieved, the 
thermocouple readings were recorded. 
The probe was turned through an 
angle of 45° and another set of ther- 
mocouple readings taken. This was re- 
peated twice more, giving eight read- 
ings at each radial distance, which 
were averaged arithmetically to give 
the reading at that position. 

Readings were taken of the eleven 
thermocouples embedded in the tube 
wall. The probe was then removed 
and additional packing added. The 
same general sequence of operations 
was followed at each packing depth 
until the desired quantity of packing 
had been added. 


CALCULATIONS 


Mass Transfer. To apply Equation 
(2) to concentration-profile meas- 
urements, the equation can be 
written in the following form 


* 
(V/E.) 2 
Inq = r 
(V/Es) 
( 2 


This equation is linear in In(C/ 
C,) and r?, and a plot of In(C/C,4) 
vs. 7? gives a straight line with a 


*) 
slope of ee and an intercept 
* 
of In oa. The value V/E,* 
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can be calculated from either quan- 
tity. Using the intercept, however, 
requires taking the antilogarithm 
of an experimentally determined 
value, a procedure that magnifies 
small errors. More consistent re- 
sults were obtained by using the 
slope, which can be evaluated from 
Equation (2A) by least squares as 


\ 

a. 

(a) 

+ 
z PRESENT WORK,AIR-SOLIDS SYSTEM 


~- — BERNARD & WILHELM (2), AIR-SOLIDS SYSTEM | 
— ——LATINEN (If ),WATER-SOLIODS SYSTEM 
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Fic. 4. COMPARISON OF ISOTHERMAL-EpDy Mass 
DIFFUSION DATA. 


TABLE 3.—EpDyY MAss DIFFUSION DATA 


Isothermal bed temperature: 90° F. 


D. : 0.464 sq. ft./hr. 
90°F. 


Average nonisothermal bed temperature: 140°F. 


D : 0.524 ft./hr. 
™140°F. 


Void fraction: 0.385 


* 
= W/E.) _ Modified Reynolds Eddy mass diffusivity Modified Peclet 
4Z number, D,G,/u avg E,q*, sq. ft./hr. number, D,V/E,,* 
= 2 > ciel 2 
: In (C/Ca)—a Zr In (C/ Ca) 1/2-in. packing —isothermal bed 
150 18.51 13.75 
(6) ; 300 38.97 12.74 
500 66.46 12.45 
where a is the number of readings 
700 101.12 11.45 
included in the summation. 
: 700 100.41 11.53 
Equations (2A) and (6) apply 
900 130.14 11.44 
only to diffusion in the central core 
: 1,100 161.57 11.29 
of the tube, that is, to concentra- 1.300 192.42 11.18 
tion profiles in which the ratio of f : ; 
1,500 213.10 11.65 
the maximum concentration to the 
concentration at the wall is 6:1 or 2 ; : 
more. Solutions for more complex 1/2-in. packing —nonisothermal bed 
cases have been presented by Ber- 200 32.16 11.22 
nard and Wilhelm(2), and Klinken- 300 49.10 11.03 
berg et al.(10). 500 79.61 11.33 
700 11.14 
Heat Transfer — Effective Thermal 900 149.29 10.88 
Conductivity. The values of k, were 900 144.61 11.23 
determined by trial-and-error 1,100 172.84 11.48 
numerical solutions of Equation 1,400 216.70 11.66 
(4). If the substitution = In r is 
made, Equation (4) becomes ? , : 
3/4-in. packing —isothermal bed 
ke Az 2 200 21.80 15.18 
Ai = @) 300 35.89 13.83 
GL» 2 
(Ar) 400 48.80 13.56 
where A,t refers to an increment 500 64.10 12.90 
of temperature in the longitudinal 600 74.90 13.25 
direction and A,t represents a tem- 800 105.32 12.57 
perature increment in the radial 1,000 127.37 12.99 
direction. This equation can be 1,200 159.47 12.77 
solved by methods _ outlined in 1,600 207.62 12.75 
Sherwood and Reed(16), subject - 
to the following boundary condi- 3/4-in. packing —nonisothermal bed 
tions: 200 24.65 14.64 
1, At 2=0, t= inter for all val- 300 40.01 13.53 
ues of 7. It was not necessary to 400 54.96 13.13 
assume a uniform inlet tempera- 600 83.43 12.98 
ture, as the inlet temperature dis- 800 112.02 12.89 
tribution was measured. 1,200 165.31 13.10 
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2. At r=R, for all values of z 


(4) 
AT r=R_ ke 


hoR 


8. At r= 0, for all values of z 


At 
=o 0 


This method presupposes a knowl- 
edge of the wall heat transfer co- 
efficient, which can be calculated by 
the methods outlined below. 

A value of k, was assumed and a 
family of radial-temperature-gradi- 
ent curves constructed by applica- 
tion of Equation (7), each curve 
being displaced from the previous 
one by the amount Az. These were 
compared with the measured curves 
and the whole procedure repeated 
until a value of &, was found that 
gave best agreement between calcu- 
lated and measured temperature 
gradient curves. A typical plot of 
this type is shown in Figure 2. 


Wall Heat Transfer Coefficient. Wall 
heat transfer coefficients were cal- 
culated by a heat balance for the 
column. If a uniform velocity dis- 
tribution over the bed and con- 
stant fluid properties are assumed, 
the equation is 


Go Cp (too — tei) = 


hw (27RZ) (bw — tr) mean (8) 


The average inlet and outlet gas 
temperatures were calculated from 
measured temperature profiles by 
the equation 


460 + 460 + 
(9) 


The quantity tp, which represents 
the temperature at the inner boun- 
dary of the wall film, was esti- 
mated by extrapolating the meas- 
ured temperature profiles to the 
wall. The mean temperature dif- 
ference (t,—t,z) was determined 
by plotting (t,,—\tp) at each bed 
depth against the bed depth and the 
average ordinate found by graphi- 
cal integration. 


MASS TRANSFER DATA 


Eddy mass diffusivities were 
correlated in terms of modified 
Peclet numbers, D,V/E*,4, and 
modified Reynolds numbers, D,G,/p, 
which are symbolized as N’p, and 
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N'pe, respectively. This plot is pre- 
sented in Figure 3 and all eddy 
mass diffusion data are given in 
Table 3. 

From Figure 3 it would appear 
that the modified Peclet number is 
also a function of the ratio D,/D;. 
This, however, is probably due to 
dissimilar packing orientation. At 
D,/D, = 0.088, values of the Peclet 
numbers obtained after successive 
bed repackings were as much as 
15% below the curve shown and 
agreed quite well with the lower 
curve. This behavior would be ex- 
pected since it is not possible to 
reproduce accurately the orienta- 
tion of packing even though the 
void fraction can be reproduced 
well. If the bed were repacked a 
sufficient number of times, it is 
probable that the upper curve 
would be brought closer to the 
lower curve. In order to discern 
the effect of a temperature gradi- 
ent, all data shown for a given 
packing size were made without 
repacking the bed. 

The curves for the different pack- 
ing sizes are similar in shape and 
show two distinct regions. At modi- 
fied Reynolds numbers above about 
500 the Peclet number is constant, 
indicating that the eddy diffusivity 
is directly proportional to the fluid 
velocity and particle diameter. 
Such behavior is characteristic of 
fully developed turbulence and 
agrees well with the “random walk” 
analysis of Baron and Latinen. 

At Reynolds numbers below 500, 
fully developed turbulence for mix- 
ing no longer exists and the N’p, 
varies with the fluid velocity. The 
same type of behavior was ob- 
served by Bernard and Wilhelm 
and by Latinen (Figure 4). 

The broken line of Figure 3 rep- 
resents eddy-mass-diffusion meas- 
urements made in the presence of 
a temperature gradient. In the 
region of fully developed turbu- 
lence a temperature gradient ap- 
pears to make no difference. At 
low Reynolds numbers, however, 
there is a difference although the 
effect is much more pronounced in 
the case of the smaller packing. 
This effect might be caused by 
mixing due to localized natural 
convection currents even though 
the over-all conditions are not con- 
ducive to natural convection cur- 
rents involving large masses of 
fluid. Unfortunately, the data are 
not sufficient to permit any general 
conclusions, but they show the 
need for further study in this 
area. 

The eddy-mass-diffusion data of 
Bernard and Wilhelm(2) and of 
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Latinen(11) are shown in Figure 
4 along with the present work. 
The data of Latinen were obtained 
in a 2-in. column packed with glass 
spheres with water as the main 
stream fluid. The values of D,/D; 
ranged from 0.02 to 0.16. Bernard 
and Wilhelm made eddy-mass-dif- 
fusion measurements for 3/8-in. 
alumina spheres in an 8-in. tube 
(D,/D,;= 0.047), with air as the 
fluid. The agreement of all the 
data is fairly good, particularly in 
view of the wide divergence in 
properties of the systems investi- 
gated. 


HEAT TRANSFER DATA 


Effective thermal conductivity 
values were correlated by the equa- 
tion 


k.=0.439 +0.00129 (D,G./Uave) (10) 


Figure 5 is a plot of this correla- 
tion. The average deviation of the 
experimental points from this line 
is 9.4%. All effective thermal con- 
ductivity values are summarized in 
Table 4. 

The term p,,, is the molecular 
viscosity of the fluid at the average 
bed temperature. Since the vis- 
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cosity varied by less than 15% it 
was not possible to segregate the 
effect of this variable, and so an 
average value was used. 

One of the assumptions made in 
deriving Equation (4) was that 
k, did not vary with radial position. 
This was checked, and in almost 
all cases k, was found to vary by 
less than 10% up to a distance of 
about one particle diameter of the 
wall. 

The effective thermal conductivi- 
ties are compared in Figure 6 with 
the data of other investigators. 
The abscissa is plotted on a log- 
arithmic scale to afford a better 
distribution at low Reynolds num- 
bers, where much of the compara- 
tive data lies. Curve A is a plot of 
Equation (10) of this work. The 
solid points represent the data of 
Coberly and Marshall(5) for 1/8- 
by 1/8-, 1/4- by 1/4-, and 3/8- by 
1/2-in. Celite cylinders in a 5-in. 
tube. Curve C represents the corre- 
lation obtained by Felix and Neill 
(6) for glass spheres in a 3-in. 
tube. The agreement in each case 
is quite good. 

Campbell and Huntington (4) 
measured effective thermal con- 
ductivities for both cylinders and 
spheres of several sizes and ma- 
terials in 2-, 4-, and 6-in. tubes, 
using both air and natural gas as 
the flowing fluid. Curve B is a plot 
of their final correlation when air 


was the fluid. They obtained k, 
values by graphically differentiat- 
ing temperature-profile curves at 
several points along the axis of the 
bed and taking an average. Since 
these values were obtained in the 
region of minimum packing non- 
uniformities, they might be ex- 
pected to be somewhat larger than 
k, values averaged for the entire 
bed. They also found k, to be di- 
rectly proportional to the molec- 
ular thermal conductivity of the 
fluid. 

The data obtained by Schuler et 
a.(15) and by Irvin et al.(9) for 
1/8-, 3/16-, and 1/4-in. cylindrical 
alumina pellets packed in a 2-in. 
tube fall somewhat below the other 
results. As mentioned before, they 
accounted for wall effects by de- 
creasing k, in the vicinity of the 
wall. The points of Figure 6 rep- 
resent effective thermal conduc- 
tivity values averaged for the 
whole bed. As these incorporate the 
wall resistance in this instance, 
they would be expected to be less 
than k, values free of wall effects. 

To compare Peclet numbers for 
heat and mass transfer in a packed 
bed, eddy thermal conductivity 
values (k,q) must be known. Since 
eddy diffusion results from turbu- 
lence generated in the packing in- 
terstices by the fluid flowing 
around the packing, the rate of 
transfer attributable to this mech- 


TABLE 4.—EFFECTIVE THERMAL CONDUCTIVITY AND WALL HEAT 
TRANSFER COEFFICIENT DATA 


Average bed temperature : 150° F. 
: 0.0488 Ib. /(hr.) (ft.) 


(150°F.) 


Superficial mass Modified Reynolds 


Effective thermal 
conductivity, 


Wall heat transfer 


velocity, number, k,, B.t.u./(hr.) coefficient, h,,, 
Gos Ib. /(hr.) (sq. ft.) avg (sq. ft.) (° F./ft.) B.t.u./(hr.) (sq. ft.) (°F.) 
1/2-in. packing 
109 98 0.47 3.05 
218 195 0.65 4.83 
oot 293 0.70 6.92 
545 488 1.00 9.73 
764 684 1.26 13.58 
982 879 1.56 16.10 
1,092 978 1.90 15.74 
1,420 1,272 2.09 20.10 
3/4-in. packing 
164 200 0.87 3.95 
328 400 1.05 6.80 
491 600 1.20 9.59 
655 800 10.56 
820 1,000 1.65 13.29 
983 1,200 1.90 14.70 
1,228 1,500 2.50 17.92 
1,433 1,750 2.58 7 19.68 
1,638 2,000 3.00 23.30 
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anism would be zero at zero rate of 
flow, and k,4 would also be zero. If 
the k, = N'p- curve is extrapolated 
to N'p, =0, the intercept value of 
0.489 in Equation (10) can be re- 
garded as the approximate sum of 
the rates of heat transfer due to 
molecular conduction, radiation, 
possible localized natural convec- 
tion, and_ particle-to-fluid heat 
transfer. This value is in reason- 
able agreement with the value of 
0.31 reported by Campbell and 
Huntington and the value of 0.365 
of Felix and Neill. k,4 values can 
be estimated from k, values by the 
equation 
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ka = ke — 0.439 (11) 


The modified Peclet number for 
heat transfer is 


= 
h td 


Substituting Equations (10) and 
(11) into (12) yields 


(12) 


Pe 0.00129 (13) 


A. plot of modified Peclet num- 
bers for heat and mass transfer is 
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shown in Figure 7. The modified 
Peclet numbers for heat transfer 
calculated by this method are about 
25% below those for mass trans- 
fer. This is not unexpected since 
this method of calculating modified 
Peclet numbers for heat transfer 
is based on the assumption that 
the rate of heat transfer due to all 
mechanisms except eddy diffusion 
is constant. It is probable that this 
value is not constant but increases 
slightly with the Reynolds number. 
If the assumption is made that the 
value is a small linear function of 
the Reynolds number, the agree- 
ment between Peclet numbers for 
heat and mass transfer would be 
even better. 


WALL HEAT TRANSFER 
COEFFICIENT 


Wall heat transfer coefficients 
were measured over a range of 
Reynolds numbers from 98 to 2,000. 
The data are given in Table 4, and 
the final correlation is shown in 
Figure 8. The equation of this. 
curve is 


hy = 0.090G,°" (14) 


The average deviation of the ex- 
perimental points from this line 
is 3.1%. 

The effect of bed depth on the 
wall heat transfer coefficient was. 
investigated by calculating h,, val- 
ues for different incremental bed 
depths. The resuits of a typical run 
are given in Table 2. No trend with 
bed depth is apparent; instead, a 
constant wall heat transfer coeffi- 
cient is indicated. The scattering 
in values may be attributed largely 
to the fact that for a shallow sec- 
tion of bed a small error in calcu- 
lating the average inlet or outlet 
air temperature is magnified in the 
temperature-difference term of the 
heat balance and greatly affects the 
local wall heat transfer coefficient. 
When an over-all heat balance is 
used, however, the effect of an 
error of this type is considerably 
lessened. All h,, values were calcu- 
lated from over-all heat balances. 

Equation (14) shows the wall 
heat transfer coefficient to be pro- 
portional to the 0.75 power of the 
superficial mass velocity. In turbu- 
lent flow in an open channel the 
heat transfer coefficient is propor- 
tional to G,°-8. The similarity in 
velocity dependence is rather sur- 
prising in view of the difference 
in the two systems and suggests a 
possible similarity in flow condi- 
tions and velocity gradients near 
the wall. 
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A sphere contacts the wall at only 
one point, and the area of contact 
is small. Furthermore the portions 
of the spheres adjacent to the wall 
present little form drag to the flow 
of fluid along the wall. This type 
of arrangement would present a 
minimum of disturbance to the 
fluid flowing along the wall and 
would tend to promote channeling. 
With channeling, flow in this area 
would not be unlike flow in an 
annulus, and a similar velocity de- 
pendence of h,, might be expected. 
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NOTATION 


C = concentration of diffusing ma- 
terial, lb./cu.ft. 

C,—= mixed average effluent con- 
centration of diffusing ma- 
terial, lb./cu. ft. 

C, = fluid heat capacity at constant 
pressure, B.t.u./ (Ib.) (°F.) 

D,,= molecular diffusivity, sq.ft./ 
hr. 

D, = packing-particle diameter, ft. 

D;,=nside diameter of containing 
tube, ft. 

v*,=totai diffusivity based on 
void area, sq.ft./hr. 

E*,,4= eddy diffusivity based on 
void area, sq.ft./hr. 

f = factor representing concentra- 
tion of diffusing material for 
mass transfer and tempera- 
ture in heat transfer 

G, = superficial mass velocity based 
on empty tube area, lb./ (hr.) 
(sq.ft.) 

h, = wall heat transfer coefficient 
B.t.u./ (hr.) (sq.ft.) (°F.) 

k, = effective thermal conductivity 
of bed based on void plus non- 
void area, B.t.u./ (hr.) (sq.ft.) 
(oR. /£6.) 

kg = eddy conductivity of the fluid 
phase due to turbulent mix- 
ing, B.t.u./ (hr.) (sq.ft.) (°F./ 
ft.) 

N'p, = modified Peclet number for 
mass transfer, D,V/E* 14 
N're, = modified Peclet number for 
heat transfer, D,G,C,/kiq 
N're = modified Reynolds number, 

Dy Go! 

R=radius of containing tube, ft. 

r” = radial coordinate in cylindrical 
coordinates 

t = temperature, °F. 

tj; = average inlet air temperature, 
bel 


= average outlet air tempera- 
ture, °F. 
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temperature at inner 
boundary of wall film, °F. 


V =local velocity in longitudinal 
direction, ft./hr. 

Z = packing depth, ft. 

z= longitudinal or axial coordi- 
nate in cylindrical coordinates 


Greek Symbols 


= void fraction 

= density of fluid, lb./cu.ft. 

r=h? 

= molecular viscosity of fluid 
at average bed temperature, 
Ib./ (ft.) Chr.) 


avg 
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PERFORMANCE 
OF VANED-DISK ATOMIZERS 


The problem of producing sprays 
of liquid droplets by atomization 
is finding increasing importance in 
chemical engineering processes. 
This is especially true for the pro- 
cess of spray drying, wherein one 
important method of producing 
sprays is by means of spinning 
disks. These atomizers produce 
liquid breakup by centrifugally ac- 
celerating a liquid to high velocity 
as it discharges from the disk 
periphery. 

Spinning-, or centrifugal-disk, 
atomizers are built in a variety of 
designs, the simplest being a flat, 
smooth disk. More complicated de- 
signs may include concentric sets 
of vanes, two or three plates or 
cups separated by perforated bands, 
etc. Pictures and drawings of 
various types may be found in 
references 2 and 10. 

Although many designs of disk 
atomizers have been proposed for 
spray-drying applications, quanti- 
tative information on the perform- 
ance characteristics of even the 
simplest type of atomizer is lack- 
ing. This paper is a report of an 
investigation of the performance 
characteristics of disk atomizers of 
the straight, radial-vaned type. The 
purpose of the investigation was to 
determine how the weight and drop- 
size distributions of water sprays 
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were influenced by the diameter, 
speed, vane dimensions and num- 
ber of the disk and by feed rate. 
High-speed photography was used 
in an effort to study the mechan- 
ism of atomization. 


PREVIOUS WORK 


Weight Distribution. Some quantita- 
tive data on the weight distributions 
or trajectories of sprays from vaned- 
disk atomizers have been reported by 
Adler and Marshall(2) and Fried- 
man et al.(10). The data of Adler 
and Marshall were in the form of 
complete weight distributions, sam- 
pling being done in a plane 3 ft. be- 
low the plane of the disk. Friedman 
et al. reported their data in terms 
of the distance to which 50% of the 
spray was thrown before dropping 
10 in. Adler and Marshall found that 
at low feed rates and peripheral 
speeds the spray was thrown farther 
as either feed rate or peripheral 
speed was increased. At higher values 
of the variables the spray was af- 
fected only slightly by feed rate but 
decreased in distance thrown with in- 
creasing peripheral speed. Friedman 
et al. reported that the distance to 
which 50% of the spray was thrown 
increased continuously with both peri- 
pheral speed and feed rate over the 
range of variables studied. 


Drop-Size Distribution. Limited data 
on drop-size distribution for vaned 
disks were reported by Adler and 
Marshall(2) and by Friedman et al. 
(10). Wallman and Blyth(18) re- 
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ported drop-size data on spray-dried 
sodium silicate obtained from a pilot 
plant spray dryer with vaned-disk 
atomizers. 

Adler and Marshall presented drop- 
size-distribution data for sprays of 
water from (1) smooth disks, (2) 
one straight, radial-vaned disk, and 
(3) several curved-vane disks at one 
feed rate and disk speed. The drop- 
size data appeared to plot linearly 
on arithmetic normal probability pa- 
per. No significant differences in the 
drop-size distributions among these 
disks were observed. 

Friedman et al. studying the ef- 
fects of disk speed, feed rate, disk 
diameter, and liquid properties on 
drop-size distribution found that drop 
size decreased as disk speed increased, 
but increased as feed rate increased. 
They did not definitely establish the 
effect of disk diameter on drop size. 
Their results were correlated in terms 
of the Sauter mean drop diameter as 
a function of the operating and liquid 
variables in dimensionless groups as 
follows: 


Nr” 
v0.2, opL vo. 
where %,, is the Sauter mean di- 


ameter. The uniformity of the sprays 
obtained was reported in terms of the 
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so-called Hatch dispersion coefficient 
defined as the ratio of %59 to #45 7 
where “;) is the mass or volume 
median diameter, and %,; 7 is the 
diameter which includes 15.87% of 
the mass or volume of the spray, and 
The Hatch dispersion co- 
efficient, 2, was correlated with Lee 
as follows: 


a = 3.3 (2) 


This is based on only a twofold range 
of x. Friedman et al. also proposed a 
correlation for the maximum drop 
size, which had the same form as 
Equation (1) except that the coeffi- 
cient 0.4 was replaced by 1.2; i.e., 
the maximum drop size was suggested 
to be three times the Sauter mean di- 
ameter. 

Wallman and Blyth(78) studied 
the atomization from smooth and 
vaned disks by determining the parti- 
cle-size distribution of spray-dried 
sodium silicate atomized with disk 
atomizers. They found particle size 
to decrease as centrifugal force was 
increased and proposed that centri- 
fugal force, rather than peripheral 
speed, was the factor governing parti- 
cle size. However, no correlation of 
drop-size distributions was proposed. 


Mechanism of Atomization. The 
manner in which sprays are formed 
from a bulk of liquid has been the 
subject of numerous reports in the 
literature. The greatest amount of 
work on the mechanism of atomiza- 
tion has been done in connection 
with pressure nozzles(4 to 9,12, 
13,16). 

Since discussions of the mechan- 
ism of atomization by disks have 
been reviewed adequately by vari- 
ous investigators(2, 3, 10, 11, 14, 
and 19), this subject will not be 
reviewed again here; however, the 
essential conclusions are presented 
below. 


THEORETICAL CONSIDERATIONS 


The practice of atomization by 
spinning disks is well ahead of 
both theory and the results of ex- 
perimental studies. Theoretical pre- 
dictions of drop-size distributions 
require a knowledge of the atomiza- 
tion mechanism involved. It is gen- 
erally believed that three distinct 
factors influence the mechanism of 
atomization by spinning disks. 
Two of these involve liquid proper- 
ties, and the third involves inter- 
action with the atmosphere sur- 
rounding the atomizer. 

One mechanism for spinning- 
disk atomization postulates that the 
liquid, by wetting the surface of 
the disk, is held to the disk by ad- 
hesion tension and flows to the 
disk periphery to form a torus (on 
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Fic. 1. VANED Disks: (a) TYPICAL VANED-DISK USED IN Stupy; (b) LUCITE 
EXPERIMENTAL VANED DISK. 


smooth disks) which, because of 
the surface tension of the liquid, 
resists disintegration. Centrifugal 
force acting on the torus is op- 
posed by the surface-tension force. 
When the centrifugal force be- 
comes great enough (owing to 
either increased liquid mass or in- 
creased speed) to overcome the 
liquid-surface-tension force, liquid 
drops are torn from the torus and 
thrown from the disk periphery. 
As the liquid-feed rate increases, 
this mechanism goes through the 
regimes of direct drop formation, 
ligament formation, and finally 
film formation. 

A second mechanism postulates 
that liquid traveling at a high 
velocity over the disk and along 
the vanes develops turbulence. At 
the disk periphery the lquid is 
discharged at high velocity and at 
the same time is released from the 
confinement of the vanes. The in- 
ternal stresses in the liquid stream 
caused by the velocity fluctuations 
and turbulence produce disintegra- 
tion of the liquid stream. 

A third possible mechanism is 
that a high relative velocity be- 
tween the liquid and the atmos- 
phere creates friction, which con- 
tributes to the disintegration of 
the liquid. 


Although each of these mechan- 
isms for atomization from spinning 
disks is possible, in the usual in- 
dustrial range of operating con- 
ditions breakup probably is due to 
a combination of the mechanisms. 
It is also probable that the con- 
trolling mechanism may change 
with a change in the operating con- 
ditions. 

In view of the complexities in- 
volved in predicting theoretically 
the performance characteristics of 
vaned-disk atomizers, this study 
was restricted to an empirical cor- 
relation of weight distributions and 
drop-size distributions as functions 
of operating and disk variables. 
The correlations were interpreted 
in the light of the foregoing sug- 
gested mechanisms. 


EXPERIMENTAL EQUIPMENT AND 
PROCEDURES 


Atomization Equipment. The twelve 
experimental disks used in this in- 
vestigation were of a simple straight- 
vaned design as shown in Figure 1. 
The ranges of disk variables were as 
follows: (1) diameter, 2 to 8 in.; (2) 
number of vanes, 8 to 24; (3) vane 
height, 0.22 to 1.28 in.; and (4) vane 
length, 0.38 to 2.5 in. Table 1 gives 
the dimensions of all the disks 
studied. 


TABLE 1.—DIMENSIONS OE EXPERIMENTAL DISKS 


Diameter, 
Disk in. 
V-1 3.75 
V-2 5.0 
V-3 8.0 
V-4 5.0 
V-5 5.0 
V-6 8.0 
V-7 5.0 
V-8 5.0 
V-9 5.0 
V-10 5.0 
V-11 5.0 
V-12 2.0 
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Vane Height, Vane Length, Number of j } 
in. in. vanes 
0.375 0.375 24 
0.375 1.00 24 
0.312 2.50 24 
0.656 1.00 24 
1.281 1.00 24 
0.375 2.50 24 
0.375 0.625 24 
0.375 1.625 24 
0.375 1.00 20 
0.375 1.00 16 
0.375 1.00 8 
0.219 0.50 24 
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The experimental disks were mount- 
ed on a vertical, belt-driven shaft, 
Figure 2, driven by a 8 hp., 3,450 
rev./min. motor. Disk speed was 
varied by changing the ratios of the 
motor and disk pulley diameters. Disk 
speeds ranged between 700 and 10,000 
rev./min. and were measured with a 
Strobotac. 

The feed rate ranged from 5 to 
60 lb./min. The water was fed uni- 
formly to the disk through an annu- 
lar distributor, the thickness of the 
annular ring being 1/32 in. 

The atomization equipment was lo- 
cated in one corner of a 12- by 16-ft. 
room. All sampling was done in the 
sector-shaped ‘area indicated in Fig- 
ure 3. 

Disk V-12 was operated at speeds 
of from 10,000 to 35,000 rev./min. by 
an air turbine mounted on a frame, as 
shown in Figure 4, and surrounded 
by a barricade. The capacity of this 
unit was less than 1 lb./min. of water. 


Weight Distribution Determinations. 
The weight-sampling unit consisted 
of a sheet metal pan in the form of 
an 18° section taken from a circle of 
10-ft. radius. The pan was divided 
into compartments by arcs at radial 
intervals of 1 ft., each compartment 
being provided with a drain. The pan 
was mounted horizontally 3 ft. below 
the disk with the apex of the sec- 
tion plumb with the disk shaft. 

Weight-distribution data were ob- 
tained by collecting and measuring 
the amount of spray which entered 
each compartment during a timed in- 
terval. The total volume of liquid 
atomized during this time was ob- 
tained from a rotameter reading. For 
a uniform spray distribution, one 
twentieth of the total volume fell in 
the 18° section. Hence from the total 
volume and the volumes of spray fall- 
ing in the sampling compartments up 
to 10 ft., the volume of spray thrown 
further than 10 ft. was estimated. 
From these volumes the distribution 
of the spray weight in the horizontal 
plane 3 ft. below the atomizer was 
established. 


Drop-Size-Distribution Determinations. 
Spray-droplet samples were obtained 
by collection in sample cells by the 
method discussed by Rupe(/5) and 
used by Adler and Marshall(2) and 
Tate and Marshall(17). In this meth- 
od spray droplets fell into a sample 
cell filled with a fluid in which all 
droplets settled to a common plane. 

he collected group of drops in each 
sample cell was photomicrographed 
and the images were counted and 
classified. The sample cells were 
fitted with optically flat glass bot- 
toms to permit the use of transmitted 
light for photography. 

The immersion fluid employed in 
this investigation was Stoddard solv- 
ent. In order to obtain completely 
opaque images for photography, the 
water was dyed black with 3% nigro- 
sine dye. The dyed water had essen- 
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tially the same physical properties 
as water, except for a slightly lower 
surface tension. 

The drop samples for a particular 
spray were obtained by positioning 
ten sample cells in the horizontal 
plane where the spray-weight distri- 
bution was determined. From data on 
the previously determined weight dis- 
tribution for the spray, the sample 
cells were positioned in the center of 
areas each of which included 10% 
by weight of the spray. Thus the 
sample cells were positioned at radii 
which included 5,15,25 ... 95 wt. % 
of the spray. 

The sample cells were exposed to 
the spray by remote control. Each 
cell was enclosed in a narrow, shal- 
low box with a sliding, slotted top 
which acted as a shutter. The opera- 
tor, on a cat-walk above the spray, 
exposed the cell to the spray by pull- 
ing the shutter top with a fine string. 

After the ten sample cells had been 
exposed, they were removed to be 
photographed. Ten photomicrographs 
at 35x were taken of each sample 
cell without duplication of area. The 
photomicrographs, on 5 by 7 film, 
generally averaged about 100 drops/ 
negative, although as many as 1,500 
or as few as 25 drops/negative were 
obtained in some instances, depend- 
ing on the size and concentration of 
the drops in the cell. 

The drop images on the negatives 
were counted and classified according 
to size by means of the scanning-type 
drop counter developed at the Uni- 
versity of Wisconsin(1). With the 
aid of this counter the photomicro- 
graphs were analyzed at the rate of 
150/day, and for this investigation, 
a total of 5,200 photomicrographs 
were scanned and 572,000 drops 
counted. 


CALCULATION AND  CORRELA- 

TION PROCEDURES 

Weight Distribution. One hundred 
and seventeen weight-distribution 
experiments were made by the pro- 
cedure described above. From each 
of these runs the cumulative vol- 
ume, or weight percentages, of 
spray falling within radial in- 
crements of 1 ft. were established. 
These cumulative percentages were 
then plotted as the weight distri- 
bution for that run. Typical plots 
of this type may be observed in 
Figure 18 of reference 2. 

The variables influencing weight 
distribution were disk speed (1,500 
to 9,800 rev./min.), feed rate (10 
to 50 lb./min.), and the disk di- 
mensions listed in Table 1. It was 
desired to correlate the data to 
show how these variables influenced 
the cumulative weight percentage 
of spray falling within any given 
spray radius, R. 

It was decided that the most use- 
ful type of generalized weight- 
distribution correlation would be a 
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cumulative distribution plot on 
either arithmetic- or log-probability 
coordinates with the nonprobability 
coordinate involving a grouping of 
the spray radius and variables, and 
the probability coordinate repre- 
senting the cumulative weight per- 
centage of spray included within 
the radial distance from the disk. 

This correlation was made for 
the entire weight distribution ob- 
tained for each experimental run. 
The general procedure for corre- 
lating each variable was to plot 
values of spray radius, R, at cumu- 
lative percentages of 20, 40, 60, and 
80 as a function of the particular 
variable under study. From such 
plots, ® as a function of each vari- 
able was obtained, and these func- 
tional relations are shown in Fig- 
ure 5a and b. 


Drop-Size Distribution. The data 
from each drop-size-distribution 
run consisted of the number of 
drops counted in each of twenty 
equal-size classes (of 30 yu each) 
for each of ten samples taken from 
the spray produced during the run 
(see Table 6 of reference 10a). The 
total number of drops at each sam- 
ple point averaged 1,100 or the 
total counted in a run was about 
11,000. 

The attempt was made to pre- 
sent the drop-size data by an over- 
all distribution which was repre- 
sentative of the entire spray from 
which the samples were taken. 

Drop-size-distribution data may 
be based on the number, volume, 
or surface area of the drops in a 
spray, each basis being usefui for 
a different purpose. It was felt 


that volume representation would 


probably be most useful, and hence 
the drop-size distribution on a vol- 
ume basis was calculated for each 
of the ten droplet samples. Since 
the samples were representative of 
equal volume fractions of the spray, 
combination of the ten individual 
volume distributions into an over- 
all distribution for the entire spray 
was merely a matter of averaging 
the individual sample distributions. 

The variables to be correlated 
with drop-size distribution were 
disk speed (3,000 to 9,800 rev./ 
min.), feed rate (20 to 50 lb./min.), 
and disk dimensions (Table 1). 
The method of correlation used dif- 
fered from the usual method of 
correlating drop-size data in terms 
of a mean drop size and a standard 
deviation or dispersion coefficient 
[cf., Equation (1) and (2)]; 
rather, a generalized correlation 
for all points on the distribution 
curves was attempted. Thus the 
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Fic. 2. ANNULAR FEEDING DEVICE: 
DisK IN PosITION, MOTOR, AND BELT 
DRIVE. 


effects of the pertinent variables 
on the drop diameter, x, at cumu- 
lative volume percentages of 20, 40, 
60, and 80 were correlated and 
then grouped to form a general 
correlation (Figure lla and b). 

All the drop-size distributions 
were found to plot very nearly as 
straight lines on square root—nor- 
mal probability coordinates. This 
type of distribution was first re- 
ported by Tate and Marshall(17) 
for pressure nozzles. Distinct curva- 
ture was observed for plots on 
either arithmetic- or log-normal 
probability coordinates. 


EXPERIMENTAL RESULTS 


Weight Distribution. The correla- 
tion of weight-distribution data 
showed that the weight distribution 
of sprays from vaned disks, ex- 
pressed as R, the radial distance of 
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travel of the spray, was related to 
the pertinent variables as follows: 

For disk speed, N, in the range 
of 1,500 to 9,800 rev./min., 
R~ N-0.16 

For feed rates, w, in the ranges 
of 10 to 50 lb./min., R ~ w?-25 

For disk diameters, D, from 3.75 
to 8 in., R ~ 

For vane heights, 6, from 0.376 
to 1.28 in., R ~ b-9-12 

Increasing the number of vanes 
from 8 to 24 showed no significant 
variation of spray trajectory. 

A variation of vane length from 


Fic. 4. AtR-DRIVEN 2-IN.-DIAM. DISK 
IN BARRICADE. 


0.375 to 1.63 in. revealed no defi- 
nite trend in the weight-distribu- 
tion data. 

On the basis of the foregoing 
relationships, a generalized graphi- 
cal correlation involving disk speed, 
N, feed rate, w, and disk diameter, 
D, was developed by plotting the 
group RN?.-16 D-9.21 w-9-25 Vs. the 
cumulative weight or volume per- 
centage of the spray included in R 
on normal probability paper. This 
correlation is shown in Figure 5a 
and b. The data fell around a 
straight line having the constants 
(RN0-16 J)-0.21 qy-0.25) — 7.7 = me- 
dian value, = 2.3 = standard 
deviation. 

Figure 5a and b is based upon 
the following units for the ordi- 
nate values: R = ft., N = rev./min., 
D=in., w= \|b./min. 


Drop-Size Distribution. The drop- 
size-distribution data were ob- 
tained from fifty-two experimental 
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runs wherein about 572,000 drops 
were measured and counted. Analy- 
sis of the data showed that the 
variables affected the drop-size dis- 


tribution of sprays produced by 
vaned disks as follows: 

For a disk-speed range of 3,000 
to 9,800 rev./min. drop size varied 
inversely with disk speed to the 
0.82 power. 

For disk diameters ranging from 
3.75 to 8 in., drop size varied in- 
versely with disk diameter to the 
0.85 power. 

The fact that disk speed and di- 
ameter had essentially the same 
effect on drop-size distributions 
suggested that the distributions 
were influenced by the peripheral 
speed of the disks. Figure 6 is a 
typical plot for two feed rates of 
drop size vs. peripheral speed for 
the peripheral-speed range of 50 to 
300 ft./sec. The slope of the curves 
is —0.83. 

For feed rates in the range of 
20 to 50 lb./min., the drop size 
varied with feed rate to the 0.24 


power. Figure 7 shows typical 
curves of the variation of drop size 
with feed rate. Drop diameters 
which include 20, 40, 60, and 80% 
by volume of the spray multiplied 
by N®-82 are plotted vs. feed rate 
for three vaned disks of different 
diameters. 

A variation of vane height from 
0.375 to 1.28 in. showed that drop 
size varied with vane height to the 
—0.12 power. 

Increasing the number of vanes 
from 8 to 20 showed that drop 
size varied with vane number to 
the —0.15 power. 

Since vane height and number 
had essentially the same effect, it 
seemed reasonable to conclude that 
the drop-size distributions were 
probably influenced by the total 
wetted periphery for liquid dis- 
charge from the disk; however, 
the data on this effect scattered so 
much that a significant correlation 
cannot be proposed at this time. 
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as tentative, but apparently, the 
effect is small. 

Figure 8 shows typical plots of 
all the data on the effect of vane 
length on the drop size for a range 
of vane lengths from 0.376 to 1.63 
in. The effect is inconclusive. Addi- 
tional data involving a wider varia- 
tion in vane length should be con- 
sidered before a quantitative state- 
ment can be made concerning the 
effect of this variable on drop size. 

The dimensional group of varia- 
bles involving feed rate, w; periph- 
eral speed, ND; and _ superficial 
total wetted periphery for liquid 
discharge, L, =nb, was combined 
with drop diameter, «, to give the 
ordinate for a generalized drop- 
size-distribution correlation as fol- 
lows: 


The experimental data were com- 
bined into the dimensional group 
given by this equation and plotted 
on square root-—normal probability 
coordinates as shown in Figure 
lla and b. The data fell on a path 
about a straight line having con- 
stants 


[x 


m 


2 
92.5 X 10 


49.0 X 10° 


Ov 


where m refers to the median value. 

The scale of the ordinate and the 
values of the constants for the 
straight line are based upon the 
following units for the variables: 
*%=microns, ND =in./min., nb = 
in., w= l|b./min. 


DISCUSSION OF RESULTS 


Weight Distribution. The general- 
ized weight-distribution correlation 
(shown in Figure 5a and b) indi- 
cates how disk speed, feed rate, and 
disk diameter influence weight dis- 
tribution or spray trajectory. The 
correlation is valid only in the 
ranges of the variables studied in 
this investigation. Data obtained 
for disk speeds as low as 500 rev./ 
min. did not follow the correla- 
tion, as Figure 10 shows. This was 
due to the fact that the liquid did 
not atomize completely and tended 
to pour off the disk in continuous 
streams. Limited data for a 2-in.- 
diam. disk (V-12) rotating at 
about 13,000 rev./min. and fed at 
a rate of about 0.3 lb./min. also 
failed to agree with the correla- 
tion (Figure 9). However, the lat- 
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ter condition of fine atomization 
made collection of the spray very 
difficult. 

The trajectory data of Adler and 
Marshall(2) and Friedman et al. 
(10) for straight- and curved- 
vaned disks were plotted in terms 
of the generalized correlation in 
Figure 11. The data of the former 
authors for the straight-vaned disk 
were fitted well by the correlation; 
the data for the curved-vaned disks 
were slightly low. The fact that 
Friedman et al. did their weight- 
distribution sampling in a plane 
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10 in. below the atomizer instead of 
36 in., as in this study, may account 
in part for their data for the 
straight-vaned disk falling below 
the correlation of this study. 

In the investigation by Friedman 
et al. of the influence of variables 
on weight distribution, it was 
found that spray trajectory varied 
directly with disk speed, feed rate, 
and disk diameter all to the 0.25 
power. While their results agreed 
with the results of this study inso- 
far as the effects of feed rate and 
disk diameter are concerned, there 
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was no agreement on the effect of 
disk speed. There is no apparent 
reason for this disagreement. Off- 
hand, it would seem logical that 
higher disk speeds also act to pro- 
duce smaller drops, or a finer spray. 
Since small drops decelerate more 
rapidly than large ones, the spray 
trajectory should not increase with 
speed, but may even decrease, as 
found in this investigation (See 
also Figure 17 of reference 2). 

Because air currents and objects 
in the spray chamber were observed 
to cause billowing of the spray-air 
mass, it is believed that the abso- 
lute values of spray trajectory 
which can be predicted by the gen- 
eralized weight-distribution corre- 
lation may be unique for the ex- 
perimental setup used in this in- 
vestigation. However, the correla- 
tion should prove useful in other 
disk- atomization setups using 
straight-vaned disks for prediction 
of how an established weight dis- 
tribution should be influenced by 
disk speed, feed rate, and disk 
diameter. 

One application of the weight- 
distribution correlation is the pre- 
diction of the required diameter of 
a spray tower to perform a given 
operation such as spray drying. In 
this connection, it is evident that 
the correlation of Figure 5a and b 
is conservative; i.e., presumably 
the spray from a disk in a spray 
dryer will not travel outward as 
far as this correlation would pre- 
dict. This is true for two reasons: 
(1) the drops are undergoing dry- 
ing with a reduction in density 
which reduces their distance of 
travel, and (2) downward air cur- 
rents in the dryer would disturb 
the spray trajectory. As a conserva- 
tive estimate, however, it is possi- 
ble to write, on the basis of the 
correlation in Figure 5a and b, the 
following empirical expression for 
the radial distance to which 99% 
of the spray will travel: 


Roy = (4) 


Roy is the radial distance in feet, 
which includes 99% of the mass 
of the spray. 

A comparison of this equation 
with an existing installation is of 
interest. A spray dryer atomizing 
80 lb./min. from an 8-in. disk oper- 
ating at 10,000 rev./min. is per- 
forming satisfactorily in a 20-ft.- 
diam. chamber. -These data substi- 
tuted in Equation (4) predict a 
radius, Rg, of about 12.5 ft. or a 
25-ft.-diam. chamber confirming the 
conclusion that Equation (4) is con- 
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servative for spray-dryer-diameter 
estimates. 

Drop-Size Distribution. In Figure 
lla and b are plotted the drop- 
size-distribution data for eleven 
experimental disks in the form of 
a generalized correlation. This cor- 
relation shows how disk peripheral 
speed, feed rate, and wetted 
periphery of the disk vanes af- 
fect the drop-size distributions of 


Extension of the correlation ‘to 
higher disk speeds, lower feed 
rates and smaller disks was indi- 
cated as feasible from drop-size 
data on a 2-in.-diam. disk (V-12) 
at feed rates of less than 1 lb./min, 
and at speeds up to 32,500 rev./min. 
This is shown in Figure 12, where 
the drop-size data for these con- 
ditions’ have been plotted to com- 
pare with the general correlation 


sprays produced by vaned-disk of Figure lla and b. 
atomizers. This generalized correlation can 
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be used within the experimental 
range to predict within 25% or 
better the drop-size distributions 
of sprays produced by straight- 
vaned disks. The correlation can 
also be used to determine trends in 
spray uniformity. The reciprocal 
of the difference between the drop 
diameter which included 84.12 vol- 
ume % of the spray and that which 
included 50.0 volume % iis a meas- 
ure of spray uniformity. In terms 
of variables studied, uniformity 
may be expressed as 


= 2.0410 *(rND)*™ 
Cy a (5) 


This relation shows that spray 
uniformity increases as peripheral 
speed increases, as total wetted 
periphery for discharge increases, 
and as feed rate decreases. These 
effects are all confirmed by ex- 
perience. 

Drop-size-distribution data for 
vaned-disk atomizers reported in 
the literature are meager. Only the 
data of Adler and Marshall(2) and 
Friedman et al.(10) were available 
for comparison with the general- 
ized correlation. In order to de- 
termine the applicability of the 
correlation to the literature data, 
they were put in the form required 
by the dimensional group of Equa- 
tion (3) and plotted in Figure 13. 

The data supplied by Adler and 
Marshall for both straight- and 
curved-vaned disks compared well 
with the correlation; however, the 
data of Friedman et al. fell below 
the correlation of this study. This 
disagreement might be due to a 
number of causes, e.g., differences 
in drop-sampling procedures, dif- 
ferences in total numbers of drops 
counted, etc. It was believed that 
sufficient drops were counted in 
this study to ensure reliable trends 
of the data. Further, reproduci- 
bility of the data appeared accept- 
able, as Figure 14 indicates. An- 
other factor lending confidence to 
the data of this study was the re- 
moval of the human error from 
the drop counting. The drop coun- 
ter used and described in reference 

gave consistently more reliable 
results than manual counting. This 
was checked many times. A typical 
comparison between a_ reliable 
manual count and the drop-counter 
count is shown in Figure 15. 

The investigation of Friedman 
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et al.(10) indicated that the effect 
of disk speed on drop size was in 
the same direction as found in this 
work, but to a smaller degree [cf. 
Equation (1) ]. They reported that 
average drop size varied inversely 
with disk speed to the 0.6 power. 
They agreed as to direction and 
order of magnitude of feed rate, 
finding drop size to increase di- 
rectly with feed rate to the 0.2 
power. Because of insufficient data, 
they tentatively proposed that drop 
size varied inversely with disk di- 
ameter to the —-0.2, a much smaller 
variation than found in this study. 

In order to utilize better the 
drop - size - distribution correlation 
given in Figure lla and b, per- 
fomance charts (Figures 16 and 
17) were prepared to show how 
the drop-size distribution varied 
with peripheral speed in one case 
and with feed rate in another. Fig- 
ure 16 shows the drop-size distribu- 
tion (volume basis) on a log-prob- 
ability plot for disk peripheral 
speeds ranging from 50 to 300 ft./ 
sec. These lines show how spray 
uniformity improves with disk 
speed. If plotted on square root— 
probability paper, the lines would 
be straight. correction-factor 
curve for feed rate is given in the 
insert graph. A similar plot show- 
ing the variation of distribution 
with feed rate is given in Figure 
17. Here a correction-factor curve 
for peripheral speed is included. 
The correction for wetted periphery 
is small but can be tentatively in- 
cluded for both charts on the basis 
that the drop size varies with 
(nb) -0.12) 


Atomization Mechanism. High-speed 
still and motion pictures were taken 
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Fic. 17. PERFORMANCE CHART FOR ESTIMATING THE EF- 
FECT OF FEED RATE ON Drop-SIZE DISTRIBUTION. 
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Fic. 18. HIGH-SPEED MOTION PICTURE FRAMES SHOWING COARSE LIGAMENTS 
FORMED AT Low Disk SPEED; N = 640 REV./MIN., w= 30 LB./MIN. 


of the atomization action at the 
periphery of the vaned disks in an 
attempt to determine what mechan- 
isms were influencing the spray 
formation. Because the action above 
1,500 rev./min. was too rapid to be 
stopped by the high-speed motion 
picture camera, the motion pictures 
were confined to shots of the disks 
operating at speeds of 700 and 
1,500 rev./min. However, high- 
speed still pictures were taken of 
the disks operating at 5,000 rev./ 
min. 

The atomization action appeared 
to change as disk speed was in- 
creased from 700 to 5,000 rev./min. 
At the low disk speeds liquid issued 
from the disk in heavy streams 
from each vane. Part of the liquid 
seemed to flow along the lower disk 
plate as well as along the surface 
of the vanes. The liquid discharged 


Page 208 


from each vane retained its stream- 
shaped identity for some distance 
beyond the disk, where it then 
broke up. The breakup occurred as 
the end of the stream spread out 
into a sheet which flapped like a 
flag. Heavy ligaments extended 
from this sheet and also trailed 
from the main stream between the 
sheeted end and the disk periphery. 
From the ligaments and from the 
sheet itself, irregular globs and 
drops of varied sizes were formed 
as shown in the high-speed movie 
frames of Figure 18. 

At disk speeds of 1,500 rev./min., 
the liquid streams issuing from the 
(lisk vanes appeared to be thinner 
than those at lower speeds. Liquid 
flow along the lower disk plate was 
less noticeable. The end of the dis- 
charged stream was formed into a 
thinner, filmlike sheet from which 
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Fic. 19. HIGH-SPEED MOTION PICTURE 

FRAMES SHOWING FILM FORMATION 

FOLLOWED BY LIGAMENT FORMATION 

AND COLLAPSE; N = 1,500 REV./MIN., 
w— 30 LB./MIN. 


ligaments were torn. At several 
intervals between the sheeted end 
of the stream and the disk periph- 
ery, eruptions occurred in_ the 
stream with the resultant forma- 
tion of thin-walled, balloonlike 
films. These balloons were laced 
with heavier ribs of liquid and 
grew until they seemed to burst to 
form drops, as shown in the se- 
quence of high-speed movie frames 
in Figure 19 and the high-speed 
still in Figure 20a. 

High-speed still photographs of 
atomization at disk speeds of 5,000 
rev./min. showed that, instead of 
solid streams of liquid emerging 
from disk vanes, the liquid ap- 
peared to disintegrate from a film 
almost as soon as it was discharged 
(Figure 20b). The liquid flowed 
along the vertical surface of the 
vanes and appeared to touch the 
surface of the lower disk plate 
only to the extent of the width of 
the film. Disintegration appeared 
to be the result of the collapse of 
short ligaments extending from the 
films. No formation of globs of 
liquid from the films was observed. 

High-speed photography at 4 
fixed disk speed showed that an in- 
crease in feed rate resulted in 
larger, less filmlike streams of 
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Fic. 20. HIGH-SPEED PHOTOGRAPHS OF VANED Disks ATOMIZING DYED WATER. 


liquid being discharged from each 
vane. The disintegration of such 
streams appeared to produce more 
globs of liquid and larger drops. An 
increase in vane height resulted in 
thinner, more filmlike streams of 
liquid being discharged from each 
vane. Such streams disintegrated 
to produce fewer large masses of 
liquid and smaller drops. 

Analysis of the high-speed pho- 
tographs indicated that the atom- 
ization mechanism was to a large 
extent governed by liquid velocity, 
increases in which resulted in finer 
atomization. It was also observed 
that the quantity of liquid dis- 
charged per unit length of dis- 
charge periphery influenced atom- 
ization. The smaller the quantity 
of liquid, the finer the atomization. 
On the basis of these two observa- 
tions, it is believed that the liquid 
disintegration was largely the re- 
sult of turbulence of the high- 
velocity liquid stream as it left 
the vanes. In this respect, the 
mechanism is similar to pressure- 
nozzle atomization. The friction 
created by the relative velocity of 
the liquid stream with the sur- 
rounding air probably had some 
effect on the breakup, but not a 
major one. 

The atomization mechanism for 
liquid disintegration from vaned- 
disk atomizers is reflected in the 
generalized drop-size-distribution 
correlation, which stipulates that 
finer, more uniform sprays are pro- 
duced by an increase in peripheral 
speed, i.e., increased liquid velocity, 
and by increased wetted periphery 
or by decreased feed rate, both 
factors contributing to the forma- 
tion of thinner films of liquid. 
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NOTATION 
b = vane height 
D = disk diameter 
L, = superficial disk wetted periph- 
ery for liquid discharge = nb 
L = vane length 
N = rotational speed of disk 
n = number of vanes for a disk 
r = disk radius 
R=spray radius or trajectory 
Rog = radial distance, including 
99% of mass of spray. 
V, = disk peripheral speed, ft./sec. 
w = liquid feed rate, lb./min. 
x = drop diameter 
X%go = drop diameter below which 
60% of the mass of the spray 
lies. 
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X%y», = Sauter mean drop diameter 
y = ordinate value on probability 
plots 


Greek Letters 
« = Hatch dispersion coefficient 
5 = measure of uniformity 
[=feed rate of liquid atomized 
based on wetted periphery, 
Ib./ (min.) (ft.) 
« = surface tension 
6, — standard deviation for gen- 
eralized weight - distribution 
correlation 
— standard deviation for gen- 
eralized drop size 
v. = liquid viscosity 
o = liquid density 


Subscripts 
m = median value 
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THERMODYNAMIC PROPERTIES OF 1-BUTENE 


JAMES H. WEBER 


University of Nebraska, Lincoln, Nebraska 


The thermodynamic properties of 1-butene have been calculated over a temperature 
range of 32° to 480°F. and at pressures up to 1,000 Ib./sq. in. abs. These properties 
were determined from vapor-pressure, volumetric, heat-capacity, and latent-heat of 
vaporization data through the application of rigorous thermodynamic relationships. 
The calculated data have been found to be internally consistent. The enthalpy 
values are believed to be accurate to within 0.5 B.t.u./lb. and the entropy values to 


+0.0005 B.t.u./(Ib.) (°R.). 


Thermodynamic data are avail- 
able for a number of paraffinic com- 
pounds but are limited to ethylene 
(16) and propene(10) in the ole- 
finic series. It is the purpose of 
this paper to present thermody- 
namic data for 1-butene, one of the 
C,H, olefins, important as a com- 
pound resulting from the dehydrog- 
enation of n-butane, a step in the 
manufacture of 1, 3-butadiene. 


AVAILABLE DATA 


Volumetric data for 1-butene have 
been measured by three groups of 
investigators. The earliest work, 
that of Roper(13), covers the tem- 
perature range of—22° to +140°F. 
with the upper pressure limit of 
16.5 lb./sq.in. abs. These data are 
correlated by an equation of state 
in the virial form 


where 8 is the second viral coeffi- 
cient and a function of tempera- 
ture only. Roper expressed this 
function as 


ij 
p=fta+— 2) 
T’ 


where f, g, and hi, are constants. A 
more extensive investigation of the 
volumetric behavior was made by 
Olds, Sage, and Lacey(12), whose 
investigation covered the tempera- 
ture range of 100° to 340°F. at 
pressures up to 10,000 lb./sq.in. 
abs. Liquid as well as vapor volu- 
metric data are reported, including 
data for the liquid at the bubble 
point and the vapor at the dew 
point. 

Beattie and Marple(8,9) made 
two investigations of the behavior 
of 1-butene. The initial report(8) 
gives orthobaric liquid densities 
from 50° to 125°C. and the critical 
properties. The second investiga- 
tion of Beattie and Marple(9) re- 
ports volumetric data from 150° to 


Page 210 


250°C. and from densities of 1 to 
8 moles/liter. The results, up to 
densities of 4 moles/liter, were 
fitted to the Beattie-Bridgman 
equation of state, and the constants 
are given. 

Difficulties due to the polymeriza- 
tion of the 1-butene are reported 
by Olds, Sage, and Lacey(12) and 
Beattie and Marple(9). The former 
report that their sample apparently 
deteriorated after several hours’ 
exposure to a temperature of 340° 
F., and the latter report slow 
polymerization at 200°C. (392°F.) 
and rapid deterioration at 250°C. 
(482°F.) The phenomenon limits 
somewhat the accuracy of the re- 
sults at the higher temperatures. 

Since there is very little overlap 
in the various sets of volumetric 
data, comparison of the results is 
impossible over most of the tem- 
perature and pressure range. Some 
comparison can be made of the 
data of Olds, Sage, and Lacey (12) 
with those of Beattie and Marple 
(9), but a double interpolation is 
necessary. This shows good agree- 
ment between the sets of data. 
Also, since the Beattie-Bridgman 
equation of state was fitted to the 
data of Beattie and Marple, volu- 
metric data may be calculated at 
even values of temperature and 
pressure and compared with those 
of Olds, Sage and Lacey. Again 
this shows good agreement between 
the two sets of volumetric data 
over the limited range for which 
comparison is possible. Volumetric 
data for the saturated liquid from 
30° to 77°F. have been reported 
(2). 

Several studies have been made 
of the vapor pressure-temperature 
relationship of 1-butene. Lamb and 
Roper(11) report data up to 32°F.; 
Olds, Sage and Lacey(12), data 
from 132.7°F. to the critical point; 
Beattie and Marple(8), data from 
-75° to 125°C.; and the A.P.I. Re- 
search Project 44(2) from 30° to 
55°F. Olds, Sage, and Lacey fitted 
an equation, 
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log P (Ib./sq. in. abs.) = 6.18466 - 


— 0.00054633 7 
to their results. Beattie and Marple 
fitted the equation 


log P (atm.) = 5.196066 — 


——— — 0.001248297 

to their data. A.P.I. 44 gives the 
constants for the Antoine equation 
for the range of data reported. As 
can be seen, the vapor pressure- 
temperature relationship has been 
well described. With the exception 
of the temperature range of 122° 
to 167°F. (50° to 75°C.), the data 
of Olds, Sage, and Lacey and of 
Beattie and Marple are in excellent 
agreement. In this temperature 
range, the vapor pressures deter- 
mined by Olds, Sage, and Lacey 
are lower than those reported by 
Beattie and Marple by 1/2 to 1/4%. 
The data of Lamb and Roper and 
Beattie and Marple are in excel- 
lent agreement. 

There is some question about 
the critical properties of 1-butene. 
Olds, Sage, and Lacey(12) report 
conditions at the critical as t,= 
297°F., P.. = 588 lb./sq.in. abs., and 
V.=3.85 cu.ft./Ib. mole; Beattie 
and Marple(8) report t, = 295.6°F. 
(146.4°C.), P = 583 lb./sq.in. abs. 
(39.7 atm.), and V,=3:67 
Ib. mole (0.241 liter/mole). These 
latter values have apparently been 
accepted by the A.P.I. project (3) 
and have been used for this work. 

Thermal data available include 
isobaric heat capacities of the 
liquid at the bubble point, measured 
by Schlinger and Sage(15) ; latent 
heat of vaporization information 
at the normal boiling point, 20.73° 
F., and 77°F., reported by A.P.I. 44 
(4); and heat capacities of the 
ideal gas at unit fugacity, reported 
by A.P.I. 44(5). These latest listed 
data were used to calculate enthal- 
pies and entropies of the ideal gas 
at unit fugacity up to 2,200°F. 
Additional constants used in the 
calculations were, molecular weight 
of 1-butene, 56.104; gas-law con- 
stant,R, 10.730 (1b./sq.in. abs.) (cu. 
ft./Ib. mole) (°R.); ice point, 
491.69°R. 
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METHOD OF CALCULATIONS 


The specific volume of the satu- 
rated liquid over the complete range 
of temperatures, from the litera- 
ture sources cited, were plotted 
against temperature on a largescale 
graph and values at even 10°F. in- 
crements read; these values are 
reported in Table 1. The specific 
volumes of the saturated vapor 
were, in the main, obtained direct- 
ly from the literature references 
given above. At temperatures be- 
low 100°F., however, values were 
obtained by use of the Clapeyron 
equation, since accurate latent- 
heat-of-vaporization and _ vapor- 
pressure data were available be- 
low this temperature. The residual 
volumes, «’s, were determined and 
smoothed on a plot of « vs. tem- 
perature. The specific volume data 
of the saturated vapor are reported 
in Table 1. 

The specific volume data of the 
superheated vapor were obtained 
from the references cited above. 
The Beattie-Bridgman equation, 
with constants reported by Beattie 
and Marple(9), was used to de- 
termine the data above 340°F. and 
pressure above 500 lb./sq.in. abs. 
The volumetric data were smoothed 
with the aid of large-scale plots of 
« vs. temperature with pressure 
parameters. 

A region for which data were 
not available lay above the 340°F. 
isotherm and between the 14.7 and 
500 lb./sq.in. abs. isobars. To com- 
plete the data, the Berthelot equa- 
tion of state was used to calculate 


the volumetric data below 100 lb./ 
sq.in. abs. It was felt this could be 
done without error, since the equa- 
tion was tested at lower tempera- 
tures than 340°F. and below 100 
lb./sq.in. abs. pressure, and excel- 
lent agreement with the experi- 
mental data was obtained. A .plot 
of « vs. pressure with temperature 
parameters was then drawn. The 
isotherms above 340°F. were com- 
pleted without difficulty, for the 
residuals changed very little up to 
500 lb./sq. in. abs. at the high tem- 
perature involved. Also, the in- 
terpolation was facilitated by use 
of the completed isotherm at 340°F. 
as a guide. 


Fugacity. The fugacity of the satu- 
rated and superheated vapor was 
determined from the graphical in- 
tegration of a plot of « at constant 
temperature vs. pressure or mathe- 
matically, 


= adP (3) 


RT 
The results of this operation are 
reported in Tables 1 and 2. The 
fugacity data up to temperatures 
of 340°F. have been reported by 
Sage and Lacey(14); their values 
agree very well with those reported 
in this work, as may be expected, 
since the same set of volumetric 
data was used in both cases. 


Selection of the Datum Plane. The 
enthalpy and entropy of the satu- 
rated liquid at 32°F. were arbi- 


trarily set equal to zero. This re- 
quired that the enthalpy and en- 
tropy data for 1-butene in the ideal 
gas state, unit fugacity, reported 
in A.P.I. 44(6,7) be changed to 
the datum plane used in this work. 


Latent Heat of Vaporization. With 
the exception of the two values 
given in A.P.I. 44(4), all the latent- 
heat-of-vaporization data were cal- 
culated by the Calpeyron equation, 


dP AHy 

dT TAV (4) 
Vapor-pressure and volumetric data 
were obtained from _ literature 
sources cited above. 


Saturated Liquid and Vapor Phases. 
The heat capacity data of liquid 
1-butene at its bubble point re- 
ported by Schlinger and Sage(15) 
enabled the evaluation of the en~ 
thalpy and entropy of the saturated 
liquid phase up to 220°F. Above 
this temperature these properties 
were determined by subtracting 
the enthalpy or entropy of vaporiza- 
tion from their respective values 
in the saturated vapor phase; this 
was necessary since there were no 
heat-capacity data above 220°F. 
The thermodynamic properties of 
the saturated vapor phase below 
220°F. were obtained by adding 
the enthalpy or entropy of va- 
porization to their respective values 
in the saturated liquid phase. 
Above 220°F. the isobars on en- 
thalpy-temperature and tempera- 
ture-entropy plots were extrapo- 


TABLE 1.—THERMODYNAMIC PROPERTIES OF SATURATED 1-BUTENE 


Entropy 
Enthalpy 
Volume Vapor- 
Tempera- Pressure Fugacity Vapori- Liquid, ization, Vapor, 
ture, lb./sq.in., pressure, Liquid, Vapor, Liquid, zation, Vapor, B.t.u. B.t.u./ B.t.u./ 
SE, abs. f/P cu. ft./lb.  cu.ft./lb. B.t.u./lb. B.t.u./lb. B.t.u./lb. (Ib.) (°R.) (lb.) (°R.) (°R.) 
5 7: 18.64 0.961 0.02588 4.79 0.0 166.1 166.1 0.0000 0.3378 0.3378 
40 21.91 0.954 0.02610 4.19 3.4 164.9 168.3 0.0068 0.3300 0.3368 
50 26.60 0.944 0.02638 3.52 8.4 163.0 171.4 0.0167 0.3198 0.3365 
60 32.0 0.935 0.02667 2.89 13.6 160.8 174.4 0.0268 0.3064 0.3365 
70 38.2 0.926 0.02698 2.41 19.2 158.3 177.5 0.0375 0.2988 0.3365 
80 45.2 0.917 0.02730 2.25 25.4 155.1 180.5 0.0491 0.2874 0.3365 
90 53.1 0.909 0.02770 1.76 Pe 152.5 183.7 0.0597 0.2774 0.3371 
100 62.5 0.900 0.02811 1.52 37.0 149.7 186.7 0.0702 0.2675 0.3377 
110 TAA 0.890 0.02852 Lag 42.9 146.7 189.6 0.0806 0.2575 0.3381 
120 83.5 0.881 0.02898 1.16 48.7 143.8 192.5 0.0907 0.2481 0.3388 
130 96.3 0.872 0.02943 1.01 54.4 140.8 195.2 0.1007 0.2388 6.3395 
140 110.2 0.862 0.02992 0.875 60.5 138.0 198.5 0.1107 0.2301 0.3408 
150 125.5 0.852 0.03042 0.768 66.6 134.9 201.5 0.1207 0.2213 0.3420 
160 142.4 0.843 0.03091 0.676 72.7 131.7 204.4 0.1307 0.2125 0.3432 
170 161.3 0.831 0.03145 0.595 79.0 128.5 207.5 0.1409 0.2041 0.3450 
180 182.0 0.820 0.03202 0.524 85.5 124.9 210.4 0.1511 0.1952 0.3463 
190 204.7 0.807 0.03261 0.463 92.2 120.9 213.1 0.1615 0.1861 0.3476 
200 228.6 0.795 0.03328 0.409 99.1 116.8 215.9 0.1721 0.1771 0.3492 
210 254.6 0.783 0.03399 0.364 106.4 112.2 218.6 01831 0.1675 0.3506 
220 282.8 0.770 0.03477 0.324 114.1 107.1 2242 0.1944 0.1576 0.3520 
230 313.4 0.758 0.03567 0.286 122.0 101.4 223.4 0.2059 0.1470 0.3529 
240 346.4 0.744 0.03671 0.251 130.0 95.2 225.2 0.2174 0.1361 0.3535 
250 382.5 0.731 0.03800 0.219 138.4 88.3 226.7 0.2293 0.1244 0.3537 
260 421.3 0.717 0.03962 0.189 147.1 79.4 226.5 0.2415 0.1103 0.3518 
270 462.2 0.703 0.04180 0.161 158.5 67.9 226.4 0.2572 0.0931 0.3503 
280 505.0 0.688 0.04488 0.35 173.4 52.0 225.4 0.2748 0.0703 0.3451 
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Tempera- 
ture Volume Enthalpy Entropy 
°F. cu. ft./lb. B.t.u./lb. B.t.u./(Ib.) (R.) 
14,696 lb./sq. in. abs. (20.73°)* 
32 156 166.7 0.3469 
40 6.272 169.4 0.3526 
60 6.557 176.5 0.3665 
80 6.830 183.8 0.3803 
100 7.110 191.3 0.3940 
120 7.384 199.4 0.4077 
140 7.657 207.6 0.4213 
160 7.928 215.9 0.4347 
180 8.199 224.2 0.4480 
200 8.468 232.2 0.4613 
220 8.737 241.2 0.4745 
240 9.006 250.1 0.4876 
260 9.274 259.0 0.5005 
280 9,541 268.2 0.5134 
300 9.807 278.3 0.5263 
320 10.08 288.4 0.5390 
340 10.34 298.6 0.5517 
360 10.59 308.9 0.5643 
380 10.86 319.5 0.5769 
400 11:42 329.8 0.5893 
420 11.38 340.6 0.6017 
440 11.65 351.6 0.6141 
460 11.91 362.8 0.6263 
480 F217 373.9 0.6384 
50 Ib./sq. in. abs. (86.2°)* 

(at satn.) 1.891 182.5 0.3367 
100 1.957 187.7 0.3481 
120 2.049 196.0 0.3620 
140 2.140 204.5 0.3758 
160 2.229 213.0 0.3894 
180 2.308 221.4 0.4029 
200 2.402 229.7 0.4163 
220 2.488 238.8 0.4296 
240 2.571 247.8 0.4428 
260 2.653 256.9 0.4559 
280 266.1 0.4689 
300 2.819 276.4 0.4818 
320 2.901 286.6 0.4947 
340 2.981 296.9 0.5074 
360 3.063 307.3 0.5201 
380 3.143 317.9 0.5327 
400 3.225 328.5 0.5452 
420 3.306 339.1 0.5577 
440 3.386 350.3 0.5700 
460 3.464 361.5 0.5823 
480 3.544 372.7 0.5945 

100 Ib./sq. in. abs. (132.7°)* 

(at satn.) 0.964 196.3 0.3399 
140 0.984 198.8 0.3448 
160 1.038 207.9 0.3592 
180 1.089 216.7 0.3733 
200 1.138 225.3 0.3872 
220 1.187 234.2 0.4010 
240 1.233 244.0 0.4145 
260 1.278 253.3 0.4280 
280 1.324 362.5 0.4403 
300 1.362 273.2 0.4545 
320 1.411 283.6 0.4675 
340 1.455 294.1 0.4805 
360 1.496 304.7 0.4933 
380 315.5 0.5063 
400 1.580 326.1 0.5188 
420 1.621 337.0 0.5315 
440 1.663 348.3 0.5440 
460 1.705 359.6 0.5563 
480 1.747 371.0 0.5686 

200 lb./sq. in. abs. (188.0°)* 

(at satn.) 0.4738 212.6 0.3476 
200 4965 216.9 0.3530 
220 0.5278 225.5 0.3654 
240 0.5556 236.1 0.3803 
260 0.5836 245.9 0.3948 
280 0.6112 255.8 0.4086 
300 0.638 266.7 0.4230 
320 0.664 277.5 0.4368 
340 0.690 288.4 0.4504 

*Saturation temperature. 
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TABLE 2.—THERMODYNAMIC PROPERTIES OF SUPERHEATED 1-BUTENE 


Fugacity 

pressure Volume 
cu. ft./Ib. 
3.657 
0.964 
0.966 
0.970 
0.974 3.940 
0.977 4.103 
0.979 4,275 
0.982 4,441 
0.983 4,605 
0.985 4.767 
0.986 4.925 
0.988 5.086 
0.989 5.246 
0.990 5.407 
0.991 5.565 
0.991 5.726 
0.992 5.882 
0.993 6.045 
0.993 6.198 
0.994 6.355 
0.994 6.513 
0.995 6.668 
0.995 6.825 
0.996 6.980 
0.996 7.135 
0.912 1.280 
0.921 
0.929 1.305 
0.938 
0.944 1.436 
0.950 1.499 
0.955 1.560 
0.959 1.620 
0.963 1.679 
0.966 L737 
0.969 1.795 
0.971 1.860 
0.973 1.909 
0.976 1.964 
0.978 2.019 
0.980 2.074 
0.981 2.129 
0.983 2.183 
0.984 2.236 
0.986 2.292 
0.986 2.347 
0.869 0.642 
0.876 
0.888 
0.901 0.672 
0.911 0.713 
0.919 0.749 
0.926 0.782 
0.932 0.818 
0.938 0.866 
0.943 0.881 
0.947 0.912 
0.953 0.944 
0.956 0.972 
0.959 1.002 
0.962 1.031 
0.965 1.059 
0.967 1.089 
0.971 1.118 
0.973 1.129 
0.812 0.2997 
0.823 
0.840 
0.853 0.3206 
0.867 0.3454 
0.878 0.3683 
0.888 0.3903 
0.897 0.4121 
0.908 0.4309 
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Enthalpy Entropy 
B.t.u./lb. _B.t.u./(Ib.) (°R.) 
25 lb./sq. in. abs. (46.7°)* 
170.5 0.3366 
175.3 0.3484 
182.6 0.3622 
190.2 0.3758 
198.4 0.3894 
206.7 0.4029 
215.0 0.4163 
223.4 0.4296 
231.5 0.4428 
240.5 0.4560 
249.4 0.4691 
258.4 0.4820 
267.6 0.4948 
PAU 0.5077 
287.9 0.5204 
298.1 0.5331 
308.4 0.5457 
319.0 0.5582 
329.6 0.5706 
340.2 0.5831 
351.3 0.5954 
362.4 0.6076 
31310 0.6197 
75 Ib./sq. in. abs. (112.7°)* 
190.4 0.3383 
193.0 0.3444 
201.7 0.3586 
210.5 0.3725 
219.1 0.3863 
224025 0.3999 
236.2 0.4134 
245.9 0.4267 
255.1 0.4400 
264.2 0.4521 
274.8 0.4662 
285.1 0.4791 
295.5 0.4920 
306.0 0.5047 
316.7 0.5175 
327.3 0.5300 
338.1 0.5426 
349.3 0.5550 
360.5 0.5673 
371.9 0.5795 
150 lb./sq. in. abs. (164.0°)* 
205.6 0.3438 
212.7 0.3545 
220.5 0.3671 
229.9 0.3815 
240.1 0.3956 
249.7 0.4096 
259.4 0.4229 
270.0 0.4369 
280.6 0.4502 
291.3 0.4635 
302.0 0.4765 
313.0 0.4898 
323.8 0.5025 
334.8 0.5153 
346.2 0.5280 
357.7 0.5404 
369.2 0.5529 
300 Ib./sq. in. abs. (225.8°)* 
222.6 0.3522 
228.0 0.3591 
237.6 0.3719 
248.5 0.3868 
259.4 0.4009 
270.8 0.4158 
282.2 0.4302 


Fugacity 


pressure 


f/P 
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TABLE 2.—THERMODYNAMIC PROPERTIES OF SUPERHEATED 1-BUTENE (continued) 


Tempera- Fugacity, 
ture, Volume, Enthalpy, Entropy, Pressure Voiume, 
oF. cu. ft./Ib. B.t.u./lb. B.t.u./(b.) (°R.) f/P cu. ft./Ib. 
200 Ib./sq. in. abs. (188.0°)* 
360 0.712 299.3 0.4637 0.914 0.449 
380 0.733 310.4 0.4772 0.920 0.466 
400 0.758 321.4 0.4901 0.925 0.483 
420 0.781 332.6 0.5031 0.931 0.500 
440 0.803 344.1 0.5160 0.936 0.516 
460 0.827 5 S| 0.5285 0.942 0.532 
480 0.848 367.4 0.5412 0.946 0.549 
400 Ib./sq. in. abs. (254.8°)* 
(at satn.) 0.2042 226.5 0.3524 0.726 0.1367 
260 0.2133 228.9 3.3551 0.734 
280 0.2388 238.8 0.3674 0.759 0.1408 
300 0.2596 249.9 0.3816 0.779 0.1755 
320 0.2791 262.6 0.3971 0.800 0.1982 
340 0.2974 275.0 0.4127 0.821 0.2154 
360 0.315 287.2 0.4278 0.832 0.2317 
380 0.329 299.4 0.4427 0.844 0.2461 
400 0.344 311.2 0.4567 0.853 0.2595 
420 0.357 323.0 0.4705 0.864 0.2726 
440 0.371 335.3 0.4842 0.874 0.2848 
460 0.385 347.5 0.4972 0.885 0.2967 
480 0.399 359.9 0.5105 0.895 0.3090 
600 Ib. /sq. in. abs. 
320 0.1354 240.2 0.3611 0.698 0.0857 
340 0.1571 256.5 0.3811 0.731 0.1098 
360 0.175 270.9 0.3972 0.749 0.1311 
380 0.189 285.6 0.4152 0.769 0.1475 
400 0.202 298.5 0.4305 0.786 0.1617 
420 0.214 311.0 0.4448 0.803 0.1724 
440 0.225 324.2 0.4600 0.817 0.1827 
460 0.236 337.5 0.4737 0.832 0.1931 
480 0.246 350.5 0.4877 0.846 0.2031 
800 Ib./sq. in. abs, 
340 0.0752 226.8 0.3373 0.634 0.0569 
360 0.0969 248.3 0.3638 0.665 0.0748 
380 0.1144 267.1 0.3871 0.695 0.0900 
400 0.1286 283.0 0.4050 0.718 0.1042 
420 0.1409 297.2 0.4222 0.741 0.1167 
440 0.1516 312.1 0.4392 0.760 0.1271 
460 0.1617 326.1 0.4540 0.779 0.1370 
480 0.1711 339.8 0.4689 0.797 0.1459 
1,000 Ib./sq. in. abs. 
340 0.0500 199.5 0.3033 0.548 
360 0.0625 225.4 0.3340 0.587 
380 0.0748 247.9 0.3605 0.623 
400 0.0867 266.7 0.3828 0.650 
420 0.0981 282.8 0.4011 0.678 
440 0.1085 298.9 0.4198 0.704 
460 0.1176 313.7 0.4355 0.728 
480 0.1264 328.0 0.4515 0.750 


*Saturation temperature. 


lated to the vaporization tempera- 
ture. The enthalpy and entropy 
were then obtained directly from 
the plots. In all cases the extra- 
polations were over short ranges 
of temperature, and the final re- 
sults were smoothed on an en- 
thalpy-entropy plot. Table 1 lists 
the properties of the saturated 
liquid and vapor phases. 

Entropy and Enthalpy. The change 
of entropy with pressure under 
isothermal conditions was deter- 
age through the use of the equa- 
ion 


P 
M (Sp—8")p= — if + 
P 
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the second term in the right-hand 
member of the equation being de- 
termined by graphical integration. 
The changes calculated from this 
equation were then added to the 
entropy of the ideal gas at the 
same temperature. The change in 
enthalpy of the superheated vapor 
with pressure under isothermal 
conditions was determined by use 
of the equation 
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Fugacity, 
Enthalpy, Entropy, pressure 
B.t.u./lb. B.t.u./(Ib.) (°R.) 
300 lb./sq, in. abs. (225.8°)* 
293.6 0.4441 0.872 
305.1 0.4582 0.881 
316.5 0.4716 0.889 
328.0 0.4850 0.897 
339.9 0.4983 0.904 
351.7 0.5111 0.912 
363.8 0.5241 0.920 
500 lb./sq. in. abs, (278.6°)* 
226.0 0.3460 0.691 
226.4 0.3471 0.694 
238.5 0.3630 0.722 
252.1 0.3799 0.749 
266.1 0.3968 0.776 
279.7 0.4125 0.791 
293.0 0.4287 0.807 
305.2 0.4434 0.820 
317.3 0.4576 0.835 
330.1 0.4715 0.847 
342.7 0.4848 0.859 
355.4 0.4985 0.871 
700 lb./sq. in. abs. 
222.4 0.3335 0.642 
242.0 0.3581 0.683 
260.5 0.3811 0.707 
277.1 0.4015 0.732 
291.1 0.4177 0.752 
303.6 0.4322 0.772 
318.3 0.4483 0.789 
331.9 0.4635 0.805 
345.3 0.4779 0.821 
900 Ib./sq. in. abs. 
211.7 0.3182 0.588 
235.8 0.3474 0.624 
256.9 0.3728 0.658 
274.6 0.3928 0.682 
290.0 0.4115 0.706 
305.6 0.4295 0.730 
320.0 0.4448 0.753 
334.0 0.4603 0.773 


M (Hp — = — 


P 
P 


In this case the entire right-hand 
member of the equation was evalu- 
ated by graphical integration. The 
changes in enthalpy thus calculated 
were then added to the enthalpy of 
the ideal gas at the same tem- 
perature, and the results were 
plotted on a large-scale graph as 
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Fic. 1. PRESSURE-ENTHALPY DIAGRAM FOR 1-BUTENE. 


temperature - entropy, enthalpy- 
temperature, and enthalpy-entropy 
and smoothed. The final results are 
presented in tabular form in Table 
2. The complete results, for both 
saturated and superheated con- 
ditions, are presented in graphical 
form in Figure 1. 


INTERNAL CONSISTENCY OF 
THE RESULTS 

One method to check the internal 
consistency of thermodynamic data 
of this type is through the use of 
the equation: 


dH = TdS + VdP (7) 


which is a statement of the first 
two laws of thermodynamics. Set- 
ting the value of the entropy at a 
constant reduces the equation to 


dH = VdP (8) 


Multiplying the right-hand member 
by P/P and integrating results in 
the equation 


H.—H,=PV] dinP 


The right-hand member can then 
be evaluated by graphical integra- 
tion and compared with enthalpy 
differences obtained from the calcu- 
lated data. Such consistency checks 
were made on the thermodynamic 
data presented in this paper, and 
good agreement was obtained in 
all instances. 
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Since there are not enough ther- 
mal data to check the results by 
an independent method, the ac- 
curacy of the data presented here 
cannot be stated with certainty. 
However, it is believed that the 
enthalpy values are accurate with- 
in +0.5 B.t.u./Ib. and the entropy 
values, within +0.0005 B.t.u./ (Jb.) 


CONCLUSIONS 


The thermodynamic properties 
of 1-butene, using fundamental re- 
lationships, have been calculated 
over the temperature range 32° to 
480°F. and up to pressures of 1,000 
lb./sq.in. abs. The data have been 
found to be internally consistent 
and are presented in graphical and 
tabular form. 


NOTATION 


H = enthalpy, B.t.u./Ib. 

M = molecular weight 

P = pressure, lb./sq.in. abs., unless 
otherwise specified 

R= gas-law constant 

S = entropy, B.t.u./Ib. 

T = absolute temperature, °R. un- 
less specified as °K. 

V = specific volume, cu.ft./Ib. 

f = fugacity, same units as pres- 
sure 

t = temperature, °F. 

#—=residual volume, 

RT 

8= second virial coefficient, 
fined in Equation (1) 


cu.ft./Ib. 


de- 
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Subscripts 


c = critical property 
M =molal quantity 
¥ = vaporization 


Superscripts 


o = property in ideal gas state at 
unit fugacity 
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MEMBRANE SEPARATIONS 
IN THE LIQUID PHASE 


Solutions can be separated in the 
liquid phase by means of mem- 
branes with processes. utilizing 
osmosis, ion exchange resins in- 
corporated in the membranes, elec- 
tric potentials across membranes, 
and ultrafiltration. The published 
literature in this field is extensive. 
A rather comprehensive treatise 
on the subject of ultrafiltration was 
presented by Erschler (5), and some 
very interesting findings on solute 
retention were reported by McBain 
and Stuewer (11). The subject mat- 
ter of ion exchange has been ably 
summarized in a recent publica- 
tion by Juda, Marinsky, and Rosen- 
berg(9) with an extensive bibli- 
ography. Separation of ionic 
from nonionic components’ by 
means of ion exclusion has been 
reported by Wheaton and Bauman 
(14), who also published a treatise 
covering nonionic separation with 
ion exchange resins(15). A recent 
discussion on electrochemical prop- 
erties of synthetic ion exchange 
membranes was presented by Win- 
ger, Bodamer and Kunin(16). All 
the studies that have been reported 
are concerned with aqueous solu- 
tions, and in a few instances it has 
been stated that polar solvents 
other than water should be suit- 
able. 

There appears to be no published 
literature on the separation of 
homogeneous liquid mixtures of 
organic compounds solely by means 
of permeation through microporous 
membranes; therefore, it should 
be of considerable interest that 
experiments have been carried out 
which gave such separations by 
what might be called “fractional 
filtration’ through a membrane 
having an average pore diameter 
of about 40 < 10-8 cm. In compari- 
son, ultrafiltration is generally con- 
sidered as taking place with pore 
sizes in the range of 10-4 cm. 

The separations were accom- 
plished with porous glass(7, 12), 
an intermediate glass state in the 
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manufacture of Vycor-Brand glass. 
This material has been investi- 
gated as a medium for gas and 
vapor separations and was found 
to be an almost ideal molecular 
filter in such separations(1, 6,8). 
It possesses a rather uniform pore 
diameter between 20 and 60 A., 
with an average diameter of about 
40 A. (4,12) and approximately 
1.34 X pores/sq.cm.(13). 

A publication by Nordberg (12) 
on properties of some Vycor-Brand 
glasses contains data on the flow 


Fic. 1. SCHEMATIC DIAGRAM OF LIQUID- 
SEPARATION APPARATUS. 


A, 1%- by 18-in.-long standard pipe; 
B, porous-glass membrane; C, %-in. 
stainless steel needle valve; D, brass 
packing-gland assembly; EH, 50-ml. 
collection flask; F, drying tube; G, 
1%- by 10-in.-long standard pipe, 
silica-gel-filled ges-drying unit; dH, 
34-mm. I.D. by 16-in.-long inner glass 
tube; J, No. 7 rubber stopper. 
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of liquid water and acetone (liquid 
permeabilities) through porous 
glass. In combination with gas- 
and vapor-separation studies it was 
a logical extension of thought to 
conceive the possibility of separa- 
tion in the liquid phase. Further- 
more, work on the separation of 
azeotropic mixtures in the vapor 
phase(6) had shown that separa- 
tion increased as the temperature 
of operation approached the boiling 
point of the mixture. Some support 
of the idea was also derived from 
publications by Manegold and Hof- 
mann(10) where the contention is 
made that a filter which is suitable 
for ultrafiltration should act not 
only as a barrier on a go or no-go 
basis for molecules of different 
sizes, but should also exhibit par- 
tial inhibition to the movement of 
the larger molecules. 

For the sake of convenience, the 
studies in liquid separation were 
then carried out with some of the 
same azectropic mixtures which 
had been used for the vapor-phase 
separation study(6). These mix- 
tures corresponded to constant 
boiling compositions at atmos- 
pheric pressure and the respective 
boiling points. They therefore did 
not represent azeotropic composi- 
tions at the temperature of liquid 
permeation. 


EQUIPMENT AND PROCEDURE 


The membrane was a porous glass 
cell in the form of a test tube pro- 
vided with a capillary connection at 
the open end. One such specimen, 
having a wall thickness of about 1 
mm., was subjected to a pressure 
drop of 600 lb./sq.in. (high pressure 
on outside) without fracture. 

As the work was actually a pioneer- 
ing study to establish the possibility 
of liquid-phase separation, the ap- 
paratus (Figure 1) was built as 
simply as possible. Cells I and II dif- 
fer in that a floating glass liner is 
used in Cell II, to accommodate cor- 
rosive liquids. The area of the mem- 
brane used for the liquid-liquid sepa- 
ration experiments was 90.40 sq. cm. 
and the thickness was 1.0 + 0.05 mm. 
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TABLE 1.—SEPARATION OF ORGANIC Liqump MIxTURES BY MEANS OF A PoroUS GLASS BARRIER 


N, Rate perm. Weight % A Aconcentration 
pressure, g./(sq. cm.) (min.) Perm. increase in 
Ib./sq. in. gauge 105 product Feed permeated product 
60 (1) 5.16 44.31 43.30 A 1.01 
(2) 0.35 A 0.10 
125 10.62 45.36 43.64 A 1.72 
0.10 0.20 A 0.15 
200 16.15 45.06 42.95 A 2.11 
0.47 0.06 A 0.18 
60 1.606 63.16 69.0 B 5.84 
125 4.00 62.24 69.0 B 6.76 
0.21 B 0.13 
200 6.57 62.4 69.0 B 6.6 
60 1.465 93.49 93.54 Essentially A (—0.05) 
no change 
0.003 
125 2.84 93.41 93.54 Essentially A (—0.13) 
no change 
0.003 
200 4.48 93.25 93.54 Essentially A (—0.29) 
no change 
0.19 
60 3.87 59.25 60.40 B 1.15 
0.24 i 0.05 B 0.06 
125 7.74 57.95 60.56 B2.61 
0.20 h 0.18 B0.15 
200 1257 56.28 60.11 B 3.83 
0.22 E 0.10 B 0.16 
60 SAS 67.00 67.4 BO.A4 
125 6.97 67.0 67.4 B 0.4 
0.06 B 0.10 
200 11.29 66.6 67.4 B08 
0.16 B 0.05 


*EtAc—ethy]l acetate. 
tEtOH —ethy] alcohol. 
*MeOH — methy! alcohol. 


Before the membrane was installed, 
it was “normalized” in an oven at 
510°C. for 12 hr. to remove adsorbed 
organic vapors and water vapor. This 
procedure was rigorously followed 
before each new mixture and each 
pure component was studied. All 
separation runs were made at room 
temperature (25° to 30°C.), which 
is considerably removed from the 
510°C. normalizing temperature. As 
porous glass is normally consolidated 
to Vycor at much higher tempera- 
tures, the pores were assumed not to 
be altered during the normalizing 
operation. 

The upstream pressure on_ the 
liquid was produced by high-pressure 
nitrogen from a commercial cylinder. 
The nitrogen was oil-pumped and was 
quoted by the supplier as being 99% 
pure, but as an added precaution to 
exclude moisture, it was passed 
through the silica-gel-filled drying 
unit (G). 

The cell was completely filled by 
introducing the’ liquid to be studied 
through the brass fitting at the top. 
After a liquid of known composition 
was introduced, all fittings were se- 
cured and nitrogen was admitted at 
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Separation data and rates of permeation 
(1) Average, (2) standard deviation 


Component enriched 


the desired pressure. When fresh 
liquid was placed in the unit, the 
downstream side of the membrane 
was flushed with about 25 cc. of prod- 
uct before the first run was made. 

To minimize vaporization losses 
from flask (EF), the glass tube lead- 
ing from the flask to the drying tube 
(F) was drawn to a fine capillary. 
Samples of known concentration were 
placed in flask (#) by use of another 
stopper with only the fine capillary 
tube opening available to the atmos- 
phere. Various test samples showed 
no detectable change in concentration 
after standing 2 or 3 days. When a 
sufficient quantity (5 to 10 ec.) of 
liquid permeated the membrane, the 
collection flask (EZ) was removed and 
the sample analyzed. A sample was 
also withdrawn from the upstream 
side through the needle valve (C). 

In experiments the feed was in in- 
timate contact with the walls of the 
galvanized-iron pipe. To check the 
possibility of any metal effect, several 
liquid mixtures were kept in the 
closed unit for at least a week. Re- 
fractive-index measurements revealed 
that there were no detectable effects 
of the pipe on feed liquids. 
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Number 
System of 
runs 
EtAc*—CCl, 10 
EtAc*—CCl, 10 
EtAc*—CCl, 10 
-EtOHt 5 
C.Hi2—EtOHt 5 
CeHi2—EtOHt 5 
EtOHtH.O 5 
EtOHtH.O 5 
EtOHtH.O 5 
C.Hs— MeOH! 5 
MeOH? 5 
C,H MeOH? 5 
C.H,—EtOHt 5 
C.H;,—EtOHt 
C;H,—EtOHt 5 
MATERIALS 


The mixtures studied and a sum- 
mary of the enrichments obtained are 
shown in Table 1. 

All liquid mixtures were analyzed 
with a Zeiss Pulfrich refractometer. 
Refractive-index data, the method 
used for purifying the pure com- 
ponents, and the procedure for pre- 
paring the azeotropes studied have 
been reported in reference 6. 


RESULTS AND DISCUSSION 


It has been established that cer- 
tain liquids can be separated by 
diffusion through porous mem- 
branes. Five different liquid sys- 
tems have been studied at 60, 125, 
and 200 lb./sq.in. gauge upstream 
pressure and atmospheric down- 
stream pressure in this preliminary 
investigation. Separation data and 
rates of permeation in grams per 
square centimeter per minute for 
the five mixtures studied are pre- 
sented in Figures 2 through 6. 

The separation data for ethyl 
acetate-carbon tetrachloride show 
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that ethyl acetate permeated the 
porous glass membrane faster than 
did carbon tetrachloride and that 
greater separation was obtained 
the higher the upstream pressure. 
The difference in concentration be- 
tween the feed samples and per- 
meated samples varied from 1.01 
wt. % ethyl acetate at 60 lb./sq.in. 
gauge upstream pressure to 2.11 
wt. % ethyl! acetate at 200 lb./sq.in. 
gauge upstream pressure. The 
analyses were estimated to be ac- 
curate within +0.1 wt. %. 
Although an extended study was 
made of the rates of permeation of 
the ethyl acetate-carbon tetra- 
chloride system, it was not satis- 
factorily determined whether the 
mixture permeated the membrane 


faster or more slowly than did ethyl 
acetate or whether the rates of 
permeation curves actually did 
cross as shown in Figure 2. If the 
mixture is faster than either pure 
component, then it is possible that 
there is decided variation in the 
viscosity of the mixture at various 
pressures, or there may be some 
other change in physical properties 
which is unaccounted for. Blocking 
of the pores, difference in molecular 
size, association and adsorption 
characteristics are other possibili- 
ties which should be considered. At 
this stage of the investigation, one 
can only speculate as to the reason 
for the decided difference between 
the observed rates of permeation 
for the mixtures compared with the 
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pure components because of the in- 
complete picture of the liquid state. 

The separation data for the 
cyclohexane-ethanol system show 
that ethanol permeates porous glass 
considerably faster than does cyclo- 
hexane. The effect of upstream 
pressure on separation is some- 
what inconclusive when the data 
for individual runs are compared; 
however, in general it appears that 
better separation is obtained at the 
higher upstream pressures. About 
the same average degree of separa- 
tion was obtained at 125 and 200 
lb./sq.in. gauge upstream pressure. 
The analyses were estimated to be 
accurate within +0.2 wt. %. The 
rates of permeation for the cyclo- 
hexane-ethanol system and the pure 
components are presented in Fig- 
ure 3. It was interesting to observe 
that the mixture passed through 
the membrane more slowly than did 
either of the pure components, but 
still the degree of separation was 
quite large. 

The separation results for the 
ethanol-water system presented 
were somewhat disappointing, for 
no separation was detected which 
was considered reliable. Of course, 
it may be significant that the feed 
was so rich in ethanol that some 
separation obtained but 
escaped detection because of analy- 
sis limitations. Analysis of the 
ethanol-water system  refracto- 
metrically was estimated to be 
within +0.5 wt. %. Although no 
separation was reported for this 
system, it is believed that a more 
refined method of analysis may re- 
veal separation even though it is 
quite concentrated in ethanol. The 
rates of permeation for ethanol- 
water and the pure components are 
shown in Figure 4. Comparison of 
Figures 3, 4, and 5 revealed that 
ethanol-water, cyclohexane-ethanol, 
and the benzene-methanol systems 
were analogous in that all the mix- 
tures permeated the membrane at 
slower rates than did the pure com- 
ponents. 

The separation results for the 
benzene-methanol system show that 
methanol permeates porous glass 
faster than does benzene. Further- 
more, the degree of separation was 
noted to more than triple when the 
upstream pressure increased from 
60 to 200 lb./sq.in. gauge. The ac- 
curacy of the analyses was estab- 
lished to be within +0.2 wt. %. 
The rates of permeation for the 
benzene-methanol system and the 
pure components are presented in 
Figure 5. Unlike those for the 
other systems studied, the rates of 
permeation of the pure components 
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THROUGH PoROUS GLASS AT VARIOUS PRESSURES. 


were found to be very close to each 
other, and the curve for the mix- 
ture was relatively far removed 
from that for the pure components. 

The separation results for the 
benzene-ethanol system indicate 
that ethanol permeates the mem- 
brane faster than benzene. It can- 
not be stated with any degree of 
confidence that increased upstream 
pressure results in an increase in 
the degree of separation for this 
system; however, when the data 
for 200 lb./sq.in. gauge upstream 
pressure are compared with the 
separation results at the lower up- 
stream pressure, one might specu- 
late that the degree of separation 
tends to be enhanced at higher up- 
stream pressures. The analyses 
were estimated to be accurate with- 
in +0.2 wt. %. The rates of per- 
meation for the benezene-ethanol 
system were also unlike the other 
systems studied (except possibly 
the ethyl acetate-carbon tetra- 
chloride system) because the curve 
for the rates of permeation of the 
mixture fell between the curves for 
the pure components. The decided 
contrast between the curves for the 
rates of permeation shown in Fig- 
ure 5 and 6 for the benzene-meth- 
anol and benzene-ethanol systems, 
respectively, is rather perplexing. 
Benzene is common to both sys- 
tems; however, the addition of a 
methylene group to the alcohol cer- 
tainly appears to alter the permea- 
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tion characteristics of the two sys- 
tems. Then again, it should be 
recalled that methanol is the bor- 
der compound between the alcohols 
and a seemingly unpredictable com- 
pound, water. 

The rates-of-permeation curve 
for water (Figure 4) was the only 
curve which deviated from a linear 
form. Actually, it is believed that 
the rates of permeation for water 
may be found to fall on a straight 
line. Water was the only pure liquid 
which was found difficult to collect 
because it would not drain from 
the Vycor capillary tube on the 
membrane. Consequently, the valid- 
ity of the water rates is somewhat 
questionable. 

It is interesting to compare the 
direction of the liquid-liquid sepa- 
ration data with the azeotropic 
vapor separation data reported in 
reference 6 and to speculate on a 
possible explanation of the separa- 
tion mechanism. Table 2 shows the 
direction of separation together 
with compilations of some physical 
properties which might be con- 
sidered as having a bearing on the 
process. 

The possibilities of interpreta- 
tion of the results are numerous, 
particularly so as the data are so 
few in number. The only two 
properties which line up consistent- 
ly with the direction of enrichment 
are molecular weight and dipole 
moment. It happens, however, that 
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all the binary systems which were 
investigated in a quantitative man- 
ner contained a more polar com- 
ponent which also had the lower 
molecular weight. Thus this agree- 
ment may be entirely coincidental; 
nevertheless, it is possible that a 
more highly polar compound might 
more easily permeate a _ siliceous 
membrane, which certainly posses- 
ses some polarity itself, than would 
a compound of lower polarity. Al- 
though the less polar compound 
probably would not be retarded, it 
might not be able to pass the polar 
network of the membrane so easily 
as a highly polar compound. If the 
qualitative separation results for 
the system acetone—methy] alcohol 
are given some consideration, then 
the only property which corre- 
sponds to the direction of separa- 
tion is the dipole moment. As a 
matter of fact, the latter system 
is one where the higher molecular 
weight compound also possesses the 
greater dipole moment. 

It is well known that in liquid- 
solid interface systems there may 
be competition between the solvent 
and the solute molecules for the 
surface of the adsorbent, that the 
relative extent of adsorption may 
depend on a number of variables 
including polarity and hydrogen- 
bonding ability, and that solubility 
as well as many other physical 
properties of either the adsorbent 
or the adsorptive can have a major 


TABLE 2.—SEPARATION IN LIQUID PHASE AND RELATED PROPERTIES 


Component enriched 


Higher 
In liquid In vapor Lower dipole Lower 
System phase phase mol. wt. moment viscosity 
CCl, — EtAc EtAc EtAc EtAc EtAc EtAc 
— EtOH EtOH EtOH EtOH CeHiz 
EtOH — H.O EtOH H.O H.O 
C,H; — MeOH MeOH C.He MeOH MeOH MeOH 
C;He — EtOH EtOH C.He EtOH EtOH 
*Me.,CO—MeOH Me:CO Me.CO MeOH Me:.CO Me:.CO 


*Qualitative separation results only, 
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Component having 
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Smaller Greater Lower 
collision surface critical 
diameter tension temp. 
CCl, EtAc 
EtOH CeHie EtOH 
H,O EtOH 
MeOH C.He MeOH 
EtOH EtOH 
MeOH Me “CO Me »CO 
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effect (2). Considering the relative 
complexity of a permeation process, 
in which a liquid mixture passes 
over and in part through an active 
capillary system, such as a barrier, 
and where the components of the 
mixture may differ radically in 
their properties, it is not surpris- 
ing that an explanation of the 
mechanism of the process is not 
readily available. A promising at- 
tack of the problem, not involving 
an adsorption mechanism, has been 
suggested by Drickamer(3). This 
is by way of the thermodynamic 
pressure effect, a phenomenon 
which so far has received little 
attention because a pressure gradi- 
ent normally is dissipated into 
turbulence. In the small pores of 
the porous glass barrier, however, 
this may not be the case, and the 
pressure effect, through the pres- 
sure gradient, may be the cause of 
the observed separations. 

It is not known whether the 
barrier adsorbed any components 
selectively, although this possibility 
does, of course, exist. However, 
about 25 cc. of permeated liquid 
was always collected before any 
runs were made. In addition, as 
much as 160 cc. was collected dur- 
ing a series of runs (CCl,-EtAc) 
without any definite trend in con- 
centration changes being shown for 
ten runs. In view of these facts it 
is believed that selective adsorp- 
tion, if at all present, did not have 
any pronounced effect on the proc- 
ess. 

Any strict evaluation of the ex- 
perimental data must first of all 
take into account that the work 
was of a pioneering nature. The 
data are valid, but they should at 
this time be considered semiquanti- 
tative rather than strictly quantita- 
tive. The fact has been established 
that separation in the liquid phase 
by means of a microporous mem- 
brane is possible. In addition, the 
results give a very good indication 
of the magnitude of the attainable 
Separation and of the approximate 
rates for the particular membrane 
and the range of pressures which 
were employed. 


LIMITATIONS AND EXTENSIONS 
OF FINDINGS 


It is readily apparent that the 
study was concerned mainly with 
the question of whether liquid mix- 
tures could be separated by per- 
meation through a microporous 
membrane. Consequently, the ex- 
perimental apparatus and the pro- 
cedure were as simple as possible, 
the installation of a continuous flow 
system not being warranted. AIl- 
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though the actual system was real- 
ly a batch type, involving concen- 
tration changes in the residual 
liquid, the proportion of permeated 
product liquid to the bulk of the 
residual liquid was so small that 
the separation data are still valid. 
As a matter of fact, depletion in 
the residual liquid takes place in 
the faster permeating compo- 
nent therefore, the concentration 
changes are based on a _ higher 
concentration of the faster com- 
ponent than should actually have 
been present in the unpermeated 
liquid, and the reported results are 
for this reason on the conservative 
side. 

Probably the most serious limita- 
tion of the present study was the 
fact that only one type of mem- 
brane was investigated. Undoubted- 
ly other types of membranes will 
work. Of particular interest will 
be porous metal membranes, which 
should have a much less adsorptive 
character than a siliceous mem- 
brane. Likewise, combination-type 
membranes, which might contain 
hydrophilic or hydrophobic com- 
ponents, will be of great interest. 
Furthermore, the question of 
whether more bulky molecules can 
be separated by membranes having 
correspondingly larger pore sizes is 
of paramount importance. 

All these problems are now be- 
ing investigated. In addition, the 
use of higher pressures and ele- 
vated temperatures is contem- 
plated. Some specific applications 
which are under consideration are 
the study of desalting of saline 
waters, waste-water purification, 
and separation of salt melts and 
of liquefied compound mixtures. 

Only a very limited amount of 
work was done with separation of 
ionic compounds in aqueous solu- 
tion, but it can be stated that suffi- 
cient evidence was obtained to per- 
mit the conclusion that the process 
may work with ionic mixtures. 


CONCLUSIONS 


It has been established that sepa- 
rations in the liquid phase can be 
accomplished by straightforward 
pressure permeation through mi- 
croporous membranes. The reported 
results indicate what may be ex- 
pected of such a process. 

Industrial applications will 
largely depend on the rates of 
permeation which can ultimately 
be obtained. While the process suf- 
fers from the basic disadvantage 
of all membrane processes, that 
is, inherently low rates, it is en- 
tirely possible that the use of high 
pressures combined with mem- 
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brane-development studies will re- 
sult in favorable economic possi- 
bilities. A definite advantage is in 
the saving of thermal costs over 
processes which require vaporiza- 
tion. Future work has to some ex- 
tent already been indicated. The 
most pressing need will be for 
studies of operating factors, in- 
vestigation of available mem- 
branes, and improvement of prom- 
ising membranes. 
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DEHYDRATION OF HYDRAZINE 
BY AZEOTROPIC DISTILLATION 


R. Q. WILSON, W. H. MINK, H. P. MUNGER, and J. W. CLEGG 


Battelle Memorial Institute, Columbus, Ohio 


A process was developed for dehydrating aqueous solutions of hydrazine by 
azeotropic distillation with aniline as an entrainer. The ternary system hydrazine- 
water-aniline, which contains the minimum-boiling aniline-water azeotrope and the 
maximum-boiling hydrazine-water azeotrope, was studied by fractionation analysis 
to determine the position of the ridge or distillation barrier in the vapor and liquid 
surface. The studies showed that the position and curvature of this ridge were 
favorable for the production, by rectification, of a solution richer in hydrazine than 
the azeotropic proportions. The process comprised three operations. Approximately 
~70% of the hydrazine charged to the system was dehydrated. 

Entrainers that form binary minimum-boiling azeotropes with both hydrazine 
and water are discussed. Ternary systems with these entrainers have saddlepoint 
azeotropes that boil intermediate with respect to the other invariant components 


in the system. 


Hydrazine is currently being 
produced by modifications of the 
German Raschig process, in which 
it is obtained in a low-concentra- 
tion (1 to 3%) aqueous solution 
(1). Because of the maximum-boil- 


ing hydrazine-water azeotrope, 
sometimes called hydrazine hy- 
drate, conventional distillation 


methods cannot be used to concen- 
trate this solution to more than 
about 70 wt. % hydrazine and 30% 
water.(6). In the past, anhydrous 
hydrazine has been produced chemi- 
cally through the formation of in- 
organic or organic derivatives 
which must be subjected to further 
treatment to yield the dehydrated 
preduct(2). Since these methods 
are costly, exploratory work was 
undertaken to determine whether 
an aqueous hydrazine solution could 
be dehydrated by distilling the solu- 
tion in the presence of a third 
component that formed a minimum- 
boiling azeotrope with water. Of 
the numerous materials tested in- 
itially, aniline was the first to show 
real promise as an effective en- 
trainer, and the process described 
is based on its use. 


THE HYDRAZINE-WATER- 
ANILINE SYSTEM 


The ternary system hydrazine- 
water-aniline was studied by frac- 
tionation analysis to determine the 
principal features of the vapor- 
liquid equilibrium surfaces. The 
basic principle of this method is 
that when an invariant component, 
i.e., a pure compound or azeotrope, 
is distilled from a mixture, the 
composition of the remaining solu- 


Page 220 


tion moves rectilinearly in the 
opposite direction from the in- 
variant component. This method 
was used by Ewell and Welch 
(3) for studying ternary systems 
with binary azeotropes, and by 
Lecat(4) for determining the com- 
position of azeotropes in binary 
systems. The Todd precise frac- 
tionation assembly was used for 
the present analysis. 

The Todd fractionating column con- 
sisted of a 1/2-in. glass column 
packed 36-in. high with 1/16-in. glass 
helices. The pot had an opening for 
a standard-taper thermometer and 
one for the entrance of nitrogen. All 
the vapors were condensed in the 
column head and the reflux was 
varied by adjusting a valve on the 
take-off line. Rubber tubing connect- 
ing the receiver vent to a bubbler 
provided a nitrogen seal and assured 
operation under a slight positive pres- 
sure of nitrogen. Vapor temperatures 
were measured by a thermometer in 
the reflux head. The column was 
shielded with glass and was heated 
with resistance wires to minimize 
heat losses. Both the heat load to the 
pot and the column heaters were con- 
trolled by variable resistors. 

Two-hundred-gram samples of vari- 
ous ternary mixtures were distilled 
at a reflux ratio of 4 to 1 (reflux to 
distillate). Samples of the overhead 
vapors were collected at each tem- 
perature change of more than 2°C. 
during the distillations, or more often 
where large amounts of material 
came over at one temperature. Each 
sample was weighed and analyzed. 
All analyses for hydrazine were made 
by the method of iodate titration de- 
scribed by Penneman and Audrieth 
(5). The composition of a ternary 
mixture was then established from 
the analysis for hydrazine and a 
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measurement of the refractive index. 

Two typical distillation curves 
for ternary mixtures which yielded 
initial overhead vapors of different 
compositions are shown in Figure 
1 to illustrate the method of de- 
termining vapor-liquid—equilibrium 
surface features on a ternary tem- 
perature-composition diagram. One 
curve is for a ternary mixture con- 
taining 29.5% hydrazine, 20.5% 
water, and 50% aniline (run 1) 
and the other is for a mixture con- 
taining 72% hydrazine, 7% water, 
and 21% aniline (run 2). 

The curve for run 1 shows that 
the first 7.5 g. to distill over was 
the aniline-water azeotrope at 
98.5°C. The next 23.5 g. came over 
in a temperature range between 
116 and 118°C. Analyses of three 
fractions in this range showed the 
presence of aniline and water with 
increasing amounts of hydrazine as 
the distillation proceeded. After 
this point (31 g. distilled) the 
distillate came over at 118.0° to 
118.5°C., near boiling point of the 
hydrazine-water azeotrope, until all 
the hydrazine and water were dis- 
tilled. The temperature then rose 
toward the boiling point of aniline. 
All cuts except one taken in this 
third temperature range analyzed 
more than 73% hydrazine and from 
15 to 18% water. Thus complete 
dehydration did not occur, as is 
expected in usual azeotropic-dis- 
tillation practice, an _ indication 
that there was some distillation 
barrier in the system. 

The curve for run 2 shows that 
the first material to distill over 
was hydrazine, B.P. 113.5°C. 
About 40 g. came over at this tem- 
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perature. The overhead tempera- 
ture then rose to 116°C. and after 
about 58 g. had distilled, dropped 
to 114°C. After an additional 12 
g. of vapor was collected, the tem- 
perature rose to 117°C. The frac- 
tions between 40 and 70 g. dis- 
tilled contained between 86 and 
90% hydrazine and the. balance 
was water. These results also in- 
dicated the presence of a distilla- 
tion barrier in the system. 

Figure 2 is a plot of the ternary 
diagram of hydrazine-water-aniline 
showing the boiling temperatures 
of the pure compounds and the two 
azeotropic mixtures. An inspection 
of this diagram, together with the 
results of the distillations described 
above, suggested the presence of 
a ridge in the vapor-liquid surface 
of this ternary system between 
the hydrazine-water azeotrope and 
aniline, similar to those present in 
other ternary systems containing 
azeotropes, as described by Ewell 
and Welch(3). Additional distilla- 
tion experiments, to be described 
later, confirmed this, and the po- 
sition and curvature of the ridge 
were determined. These ridges are 
usually curved and form a distilla- 
tion barrier, but they can be 
crossed from the concave side by 
rectification. They cannot’ be 
crossed, however, from the convex 
side. In the region of these ridges 
the vapor and liquid surfaces are 
rather flat and therefore cannot be 
represented by a sharp line as 
shown in the figure. Their effect 
as a distillation barrier occurs over 
a narrow area across the diagram 
depicted by the ridge boundaries 


Fig. 1. DISTILLATION CURVES FOR SYS- 
TEM HYDRAZINE - WATER - ANILINE; 
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DURING EXPERIMENTS. 
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in the figure. 

In Figure 2 a line has been 
drawn connecting the invariant 
compositions of the azeotropes. 
This, together with the ridge area, 
divides the diagram into three 
fractionation areas. Any ternary 
mixture lying in area I will, when 
fractionated, give pure hydrazine 
in the first overhead vapors be- 
cause it is the most volatile com- 
ponent in this particular region. A 
mixture with a composition falling 
in area II will give the low-boiling 
aniline-water azeotrope as the first 
fraction, and likewise a mixture 
with a composition lying in area 
III will give the aniline-water 
azeotrope in the first fraction. A 
mixture with a composition falling 
on or near the ridge, where aniline 
and the hydrazine-water azeotrope 
may be said to be in equilibrium, 
will, when fractionated, yield the 
hydrazine-water azeotrope first. 

The mechanism of the two dis- 
tillations described above can be 
followed on the diagram in Figure 
2 by calculating and plotting the 
pot compositions throughout the 
experiments. In the first system 
(run 1) the original composition 
(point 1) les in area II, where 
the first material to distill over 
should be the aniline-water azeo- 
trope. Inspection of the distilla- 
tion curve (Figure 1) shows that 
this was the case. As long as the 
pure aniline-water azeotrope came 
over, the composition of the pot 
shifted rectilinearly in the opposite 
direction. After a few grams of 
this material had distilled, the 
overhead vapor temperature start- 
ed to rise rapidly, indicating a 
change in composition. The com- 
position of the pot at this time is 
shown by point 2. There was no 
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hydrazine present in the initial over- 
head fraction. The next three frac- 
tions showed increasing amounts 
of hydrazine by analysis and came 
over in a fluctuating temperature 
range close to the boiling point of 
the hydrazine-water azeotrope. The 
pot compositions at the end of 
these fractions (points 3, 4, and 5) 
were still in area II on the diagram 
with respect to the crown of the 
ridge, as indicated by the presence 
of aniline in the distillate. When 
the composition of the pot reached 
point 2, it approached the ridge 
area, where aniline and the hydra- 
zine-water azeotrope were in equilib- 
rium. Since the hydrazine-water 
azeotrope was the lower boiling, it 
appeared in the overhead vapors. 
While this material was distilling, 
the pot composition shifted recti- 
linearly in the opposite direction 
until its composition moved off the 
ridge into the area where again 
the aniline-water azeotrope was the 
lowest boiling component. After a 
small amount of the aniline-water 
azeotrope came over, the pot com- 
position moved back upon the ridge, 
and the hydrazine-water azeotrope 
again appeared in the overhead 
vapors. This stepwise shifting of 
distillate composition continued un- 
til the crown of the ridge was 
crossed, shortly after the end of 
the fifth cut (point 5). 

Once the crown of the ridge was 
crossed, the pot composition fell in 
area I, where it was ‘under the 
influence of the convex side of the 
ridge and where pure hydrazine 
was the most volatile component. 
However, the material to distill 
over immediately after the crown 
of the ridge was crossed was the 
hydrazine-water azeotrope because 
the composition of the pot was 
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within the ridge boundary. This 
shifted the pot composition further 
into area I, and soon pure hydra- 
zine started to come overhead. 
Hydrazine continued to distill over 
until the pot composition shifted 
back to the ridge boundary, where 
the hydrazine-water azeotrope dis- 
tilled over again. The distillation 
from this point on consisted of 
infinitesimal steps along the ridge 
boundary, owing to the shifting of 
the distillate composition, until all 
the hydrazine and water had been 
removed. 

The temperature of the overhead 
vapors that came off after the 
crown of the ridge had been crossed 
was in the 118 to 118.5°C. range, 
showing that some of the hydra- 
zine-water azeotrope was present. 
The composited distillate contained 
much more hydrazine than the 
azeotropic proportions. Therefore 
aniline could be used to increase 
the concentration of hydrazine in 
an aqueous solution beyond the 
azeotrope. 

The original pot composition 
(point a in Figure 2) for run 2 
was in area I, where hydrazine was 
the most volatile component, and 
the first fraction to distill overhead 
was nearly pure hydrazine. After 
about 40 g. of over 95% hydrazine 
had distilled over, the pot compo- 
sition shifted to the area within 
the ridge boundary (point b) and 
material with the composition of 
the hydrazine- water azeotrope 
started to come overhead. After a 
few grams of this material came 
over, the pot shifted past the 
boundary back into area I. Since 
in this case the ridge was ap- 
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proached from the convex side, it 
could not be crossed and the re- 
mainder of the distillation was 
comprised of a continual shifting 
of the overhead composition be- 
tween pure hydrazine and the 
hydrazine-water azeotrope. The pot 
composition moved along the ridge 
boundary (points ¢ and d) toward 
the point represented by the com- 
position of pure aniline. 


LOCATION OF THE RIDGE 


Optimum recoveries of high- 
purity hydrazine depend upon the 
location and curvature of the ridge 
and ridge boundaries. To find these 
quantitatively, several distillation 
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experiments were made in the Todd 
column with varying amounts of 
hydrazine, water, and _ aniline, 
These are shown in Figure 3. 

The straight line between the 
compositions of aniline and the 
hydrazine-water azeotrope, called 
the “aniline-addition line” in Fig- 
ure 38, represents all possible ter- 
nary mixtures obtainable by add- 
ing aniline to the azeotrope. In the 
region of low aniline concentra- 
tions, the aniline-addition line was 
inside the ridge boundary, where 
very little water could be removed 
before the distillate became con- 
taminated with hydrazine. Al- 
though this area could be narrowed 
by use of higher reflux ratios, at 
any reasonable reflux ratio there 
would be a wide area at low ani- 
line concentrations that would act 
as an effective distillation barrier, 
At high aniline concentrations, 
both the ridge and the ridge bound- 
ary were some distance from the 
aniline-addition line. Since the 
primary objective was to remove 
water, the optimum recovery of 
anhydrous hydrazine would be ob- 
tained by distilling a charge 
farthest removed from the ridge 
boundary. This would be a charge 
that contained between 60 and 90% 
aniline. Additional experiments 
were made with aniline concen- 
trations above this value, there- 
fore, to determine more precisely 
the optimum conditions for maxi- 
mum water removal. 

A maximum of about 68% of the 
water was removed from the 
hydrazine-water azeotrope at an 
aniline concentration of 70%. This 
meant that when the _ enriched 
hydrazine solution was separated 
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from the entrainer and redistilled, 
approximately 68% of the original 
hydrazine could be recovered as 
anhydrous material. The balance 
would have to be recycled. 


TERNARY SYSTEMS WITH THREE 

BINARY AZEOTROPES 

In the search for a_ suitable 
entrainer, cursory experiments 
were made with materials that 
formed binary azeotropes with 
both water and hydrazine. Benzene, 
toluene, and xylene are representa- 
tive of this group. These systems 
have ridges in their vapor and 
liquid surface similar to the one 
in the hydrazine-aniline-water sys- 
tem, but they also contain saddle- 
point azeotropes, which are azeo- 
tropes that boil intermediate to 
the other invariant components in 
the system. 

Figure 4 is a ternary diagram 
for the hydrazine - water - toluene 
system showing the location and 
boiling points of the binary and 
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saddlepoint azeotropes. Lines con- 
necting the invariant compositions 
with the ridge divide this system 
into six fractionation areas. Ad- 
vantage can be taken of the posi- 
tion of the saddlepoint azeotrope 
to effect the dehydration of hydra- 
zine if the charge is chosen within 
the ridge boundary (not shown in 
the figure), to ensure that the sad- 
dlepoint azeotrope is the first frac- 
tion to come overhead. For a rea- 
sonable recovery, it is also neces- 
sary that the composition of the 
charge be chosen so that when the 
pot composition shifts rectilinearly 
in the opposite direction from the 
ternary azeotrope, it remains with- 
in the ridge boundary for a maxi- 
mum length of time. 

A ternary mixture that satisfied 
these conditions was fractioned to 
yield a hydrazine solution richer 
in hydrazine than the azeotropic 
proportions. The starting ternary 
feed mixture contained 10.9% 
hydrazine, 4.7% water, and 84.4% 
toluene. Point A on the diagram 
represents this composition. About 
33% of the hydrazine in the charge 
came over in a ternary mixture con- 
taining 18% hydrazine, 3% water, 
and 79% toluene. The phases were 
separated and the aqueous portion, 
which contained approximately 
85% hydrazine, was redistilled to 
produce an anhydrous product. 


DEVELOPMENT OF THE PROCESS 


A 2-in. column (see Figure 5) that 
could be operated continuously was 
built to study the process on a larger 
scale. This column was packed 37 in. 
with 1/4-in. glass Raschig rings. 
There were thermocouple wells equal- 
ly spaced in the packed section. Op- 
posite each thermocouple well was an 
opening which could be used either 
for the entrance of feed or as a sam- 
pling port. The reflux head was de- 
signed to split the overhead vapors 
into reflux and product in the vapor 


49 LOS/HR 


| 


7O LBS /HR MYORAZINE 


LOS/WR WATER 


| | 
| 
| 120.1% 
ANILINE 228.3 LBS/HR COLUMN 2 


HYORAZINE - WATER AZEOTROPE 


30 LOS/HR 


Fic. 6. Process FoR DEHYDRATING HYDRAZINE HYDRATE BY 
AZEOTROPIC DISTILLATION WITH ANILINE AS AN ENTRAINER. 


Vol. 1, No. 2 


A.LCh.E. Journal 


phase. An orifice in the product line 
maintained an 8 to 1 reflux ratio 
(reflux to distillate), which was very 
nearly independent of the boil-up 
rate. The insulation on the column 
was heated with resistance windings 
to reduce the heat losses. The still 
pot was a 5-liter three-necked flask 
fitted with a thermocouple well and 
a nitrogen inlet. For continuous oper- 
ations, an opening in the side of the 
flask provided for gravity flow out 
of the pot. The feed flowed to the 
column from a storage tank through 
a rotameter ‘and a heater which was 
made of stainless steel tubing 
wrapped with resistance wire. A 10- 
point Micromax (Leeds and North- 
rup) recorder measured and recorded 
temperatures throughout the system. 

One possible arrangement of dis- 
tillation equipment for the process 
comprised three columns in series 
for the following steps: 

1. Removal of about 70% of the 
water as the aniline-water azeo- 
trope. 

2. Separation of the resulting 
enriched hydrazine solution from 
the entrainer. 

3. Distillation of anhydrous 

hydrazine from the enriched hydra- 
zine solution. 
Each of these steps was performed 
both batchwise and continuously 
in the 2-in. column. In continuous 
distillations made on the first, or 
water-removal step, and average of 
69% of the water charged to the 
column was removed as the aniline- 
water azeotrope. The bottoms from 
step 1 were then fed continuously 
to the same column to separate 
the enriched hydrazine solution 
from the entrainer (step 2). The 
overhead product from this step 
averaged 87% hydrazine and the 
balance water. In step 3 the 87% 
hydrazine solution was fed con- 
tinuously to the 2-in. column to 
produce anhydrous hydrazine. The 
overhead from this step analyzed 
99.9% hydrazine. 


PROCESS DESCRIPTION 


Figure 6 is a line drawing of a 
three-column distillation for carry- 
ing out the process. The feed to 
column 1 contains 30% of the 
hydrazine-water azeotrope and 
70% aniline. All the aniline charged 
is recycled, except a small quantity 
lost owing to its solubility in water. 
The first column removes about 
70% of the water charged to the 
column as overhead in the form 
of the aniline-water azeotrope. The 
water is separated from the ani- 
line in a phase separator and dis- 
carded. The aniline is recycled. The 
balance of the hydrazine, water, 
and aniline is taken off as bottoms 
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and charged to column 2. This col- 
umn separates the entrainer (ani- 
line) from the 88.6% aqueous 
hydrazine solution, which -is taken 
overhead, the aniline bottoms be- 
ing recycled to. make up part of 
the feed to the first column. The 
enriched hydrazine solution from 
the second column is fed to column 
3, where it is separated into an- 
hydrous hydrazine as overhead and 
the hydrazine-water azeotrope as 
bottoms. The bottoms, which con- 
tain about 30% of the hydrazine 
feed to the first coiumn, are re- 
cycled. 


CONCLUSIONS 


Aqueous solutions of hydrazine 
can be economically dehydrated by 


azeotropic distillation in a multi- 
column distillation system with 
aniline as an entrainer. Although 
the ridge in the vapor-liquid sur- 
face of the ternary system neces- 
sitates some recycle of the hydra- 
zine, under optimum operating con- 
ditions about 70% of the hydra- 
zine charged to the system can be 
recovered in one pass through the 
columns as essentially anhydrous 
material. The process is patented 
(7). 
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GAS ABSORPTION IN 


BEDS OF RINGS AND SADDLES 


New data are presented for the system carbon dioxide—sodium hydroxide. 
values was investigated first and the data were then used to construct a curve by means of which all data were corrected 


to an arbitrarily chosen reference state of 25% CO:= concentration. 
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The effect of CO;= build-up upon Kea 


Kea values increased with increasing liquid rate but 


were not dependent on gas rate if the packings were operated below loading. Fer some packings examined in the loading range, 
however, Kca values increased with increasing gas rate. 

Kea values examined in relation to specific surface area were found to be very irregular in connection with rings. The 
surface-area utilization pattern of the saddles was considerably more uniform. The ring and saddle data for the carbon dioxide- 
sodium hydroxide system were in good qualitative agreement with the ammonia absorption data of Fellinger and the water- 


water vapor data of Mehta and Parekh. 


The object of this paper is to de- 
scribe the behavior of rings and 
saddles in gas absorption. Capacity 
data have been observed for a wide 
range of conditions, and conclu- 
sions on surface-area utilization 
are presented. Another object of the 
paper is to ascertain the data level 
of capacity coefficients for the new 
Intalox saddle packing. The carbon 
dioxide-sodium hydroxide system 
was chosen for the comparison be- 
cause equilibrium conditions are 
established quickly in the column, 
the analytical procedure is simple, 
and the liquid film seems to offer 
the controlling resistance. Since 
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data sufficiently complete to permit 
a packing-behavior comparison are 
already available for the systems 
NH;-H,.O (partly gas-film con- 
trolled and (H,0),— (H.0), 
(wholly gas-film controlled), pro- 
curement of the present liquid-film— 
controlled data will permit a gen- 
eral packing-performance analysis. 


LITERATURE 


In a study of this kind, where the 
relative merits of packings are to be 
evaluated, careful attention must be 
given to the construction of the ex- 
perimental tower, to the analytical 
procedure adopted, and to the range 
of variables explored. Above all, it 
must be shown that for the system 
considered, the broad findings of 
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others and the corresponding new 
results are in substantial agreement. 
A summary of the principal experi- 
mental conditions and results of 
earlier reported work for the carbon 
dioxide-sodium hydroxide system is 
given in Table 1. The data of Blum, 
Stutzman and Dodds(2) are of only 
general interest, since the columns 
and packings were small. Of greater 
interest is the work of Stutzman and 
Dodds(11); although they reported 
cocurrent flow data, having worked 
with liquid and gas rates far in ex- 
cess of the present flows, some of 
their quantitative effects of carbonate 
build-up upon the data level have 
been noted and incorporated. The 
tower of Greenwood and Pearce(6) 
was suitably large, but their operat- 
ing pressure (5.4 atm.) was  sub- 
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stantially above the present atmos- 
pheric pressure and for this reason 
a direct comparison with the present 
data is not feasible. The Greenwood 
and Pearce work corresponds rather 
closely to that of Spector and Dodge 
(10), but whereas the latter report 
that capacity data are both liquid- 
and gas-film controlled, Greenwood 
and Pearce conclude that the gas-film 
alone offers appreciable resistance to 
mass transfer. Except for column 
height, the experimental conditions 
of Tepe and Dodge(i2) correspond 
most closely to the conditions of the 
present work. Consequently most of 
their conclusions as well as the data 
level of their capacity data could be 
confirmed. 


EXPERIMENTAL 


The pilot plant unit is shown in 
Figure 1. The standard 8-in. pipe was 
charged in all cases with 9 1/2 ft. 
of packing. Before charging the tower 
was filled to 70% of its height with 
water and the packings were slowly 
poured from the container. Resulting 
packing densities and other proper- 
ties are given in Table 2. The dis- 
tributor was a sprinkler head, with 
holes sufficiently small to assure “full 
spread,” even with the lowest irriga- 
tion rate. It was placed about 8 in. 
above the packing, and only the 
packing (not the wall) was thus 
initially irrigated. A series of strain- 


Fic. 2. TWELVE-INCH-DIAMETER TOWER 


PACKED WITH ONE-INCH 
RINGS AND SADDLES. 
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Fic. 1. EXPERIMENTAL UNIT. 


ers placed ahead of the distributor 
kept it clean. 

The carbon dioxide content of the 
gas was usually about 1.5%. In some 
instances (when gas mass velocities 
were low and carbon dioxide removal 
was sometimes 95% or more com- 
plete), 4 to 6% carbon dioxide was 
required in the inlet gas, so that the 
exit carbon dioxide concentration 
would still be measurable with the 
chosen analytical procedure. The 
sodium hydroxide concentration was 
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always close to 1.0 N (4% sodium 
hydroxide). The solution was fre- 
quently renewed to prevent high car- 
bonate build-up, the only exception 
being one series of runs where with 
1-in. Intalox saddles the same solu- 
tion was used virtually to complete 
carbonation. The object was to ascer- 
tain the effect of carbonate build-up 
on the coefficients. Solution tempera- 
tures ranged from 75 to 81°F. During 
absorption no appreciable tempera- 
ture rise was noted. 
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Fig. 3. A FEW MUTUAL COMBINA- 
TIONS OF INTALOX SADDLES. 


Fic. 4. STACKED BERL AND INTALOX 
SADDLES. 


a 


The liquor sampler was a shallow 
trough communicating with the out- 
side by way of a 1/4-in. pipe and 
valve. The trough extended virtual- 
ly over the entire column diameter 
and thus representative liquid sam- 
ples were collected. The carbon di- 
oxide gas, preliminarily metered by 
a small rotameter, was conducted into 
the air on the up-stream side of the 
metering orifice. Gas rate through the 
column was controlled by manipula- 
tion of a 2-in. slide valve at the end 
of the 2-in. tail pipe. Solution storage 
was sufficient to permit operation for 
at least 30 min. before collection of 
gas and liquid samples was begun. 
This was more than ample time to 
establish steady state conditions. 

The gas samples were analyzed with 
a Haldane gas burette(1). Analytical 
results could easily be duplicated 
within +3%, which was better than 
the reproducibility of the tower opera- 
tion. Check runs, made frequently, 
were always better than +10%. Ma- 
terial balances ranged between 93 and 
111%. The liquor was analyzed for 
total alkalinity by use of methyl 
orange as indicator. Carbonate was 
determined by precipitation with an 
excess BaCl, and titration of the free 
sodium hydroxide, with phenolphtha- 
lein as indicator. 


PACKINGS 


Packing characteristics pertain- 
ing to the 8-in. pilot plant unit are 
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TABLE 1.—SUMMARY OF LITERATURE—CARBON DI0XIDE—SoDIUM HyYpROXIDE 


Tower Packed Working i 
diameter, height, Packings pressure, Liquor 
Authors in. i: investigated atm. normalities 
(2) 2.8-4.0 2.8-4.33 4 to %-in. rings 
(ceramic) 
(6) 8 upto4 34-in. metal 5.4 2-2.5 
Lessing rings, 
and 1-in. 
Raschig rings 
(10) 12 10-16 34-in. Raschig 1-6 25 
rings and 1-in. 
Berl saddles 
(11) 18 10-15 1- , 1%-in. ceramic it 
Berl saddles, 2-in. 
metal rings 
(12) 6 Y%-in. carbon 1 0.75-4.0 
rings 
This work 8 9.5 1-in. metal rings, 1 1.0 
34, 


given in Table 2. The data are as 
expected and in satisfactory accord 
with large-scale commercial-tower 
observations. Probably of most im- 
mediate interest is the consider- 
ably higher packing population that 
prevails in a bed of saddles as com- 
pared with a bed of rings of equiva- 
lent size. It is believed that this 
property, yielding to the generally 
larger specific packing surface of 
the saddles, is responsible for the 
fundamentally different behavior of 
the saddle packings as compared 
with the ring packings. The dif- 
ference in packing arrangement be- 
tween rings and saddles is apparent 
from Figure 2, which shows sec- 
tions of a 12-in.-diam. glass col- 
umn, packed with 1-in. nominal- 
size Intalox saddles (top), Berl 
saddles (bottom), and Raschig 
rings (center). The rings show pre- 
dominant pattern packing, both “in 
parallel” as well as “in series.” 
The Berl saddles show practically 
no in-parallel pattern packings, 
though stacking and series packing 
is observed. The Intalox saddles 
exhibit no pattern packing of any 
kind. An essential packing dif- 
ference between saddles and the 
rings is achieved because saddles 
represent an open shape, whereas 


Packings 
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Fic. 5. EFFECT OF CARBONATE BUILD- 


Up on Kga. 


rings, being closed packings, do not 
have mutual interlocking features. 
As far as saddle characteristics 
are concerned, the packing popula- 
tion in, Intalox saddle beds is sub- 
stantially higher than in Berl sad- 
dle beds of comparable nominal 
size, as reported in Table 2, be- 
cause of the difference in the two 
saddle shapes. Intalox saddles, be- 
ing of a more irregular shape(7), 
will permit a large number of 
mutual combinations with each 
other. A few such combinations, 


TABLE 2.—PACKING CHARACTERISTICS 


Number of Percentage 

pieces/cu. ft. voids 
1,290 93 
1,440 
1,770 fz 

2,270 (2,160) 78 (79) 

3,300 (3,450) 72 (71) 
4,410 70 
6,930 
10,800 64 
13,300 67 
17,100 76 
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Liquid rates, Gas rates, Approx. 
lb./(sq. ft.) Ib./(sq. ft.) CO, 
(hr. ) (hr.) inlet conc. 

600-22,000 150-700 300 p.p.m. 
800-14,000 270-950 300 p.p.m. 
700-9,600 100-440 1-5% 
380-3,200 215~-1,000 1-6% 


shown in Figure 3, represent the 
basic arrangements in the Inta- 
lox saddle bed. Since Berl saddles 
are of a more regular shape, their 
combinations are fewer and the 
tendency to pack in patterns is 
encouraged. This is the more true 
since the prevalent packing pattern 
that Berl saddles tend to assume 
possesses a high degree of me- 
chanical stability. Stacked saddles, 
both Berl as well as Intalox, are 
shown in Figure 4. The more labile 
arrangement of the Intalox saddles 
and the ready area accessibility 
between pieces are apparent. 


VARIABLES AND DATA 
EVALUATION 


Packings investigated were 1/2-, 
3/4-, and l-in. ceramic Raschig 
rings and Berl and Intalox saddles. 
A few results, observed with 1-in. 
steel Raschig rings, were also re- 
ported. Since mass transfer rates 
will decrease as the carbonate ion 
concentration in the liquor in- 
creases, and because with the rela- 
tively high tower a substantial 
carbonate build-up in the descend- 
ing liquor can result, a series of 
tests was desirable that would per- 
mit recognition of this fact and 


Specific surface 


Weight/cu. ft., 
Ibs. area, sq. ft. /ft.* 


36 56 
39 62 
43 61 
32 (30.5) 74 (71) 
47 (49) 84 (88) 
46 73 
37 109 
55 125 
50 117 
33 157 
June, 1955 


1K.0)..-L® MOLS/HR.FT>.ATM 


Le >| 


1K a\ MOLS/HR ET? ATM. 


ee ee 


ert 


tl 
n 
p 
e 
b 
t 
T 
0 
t 
1.20¢— 
| 
‘ 0.80 
| 
0.60 
040) 
) 
) 
14-in. Intalox saddles................ 


possible adjustment of the capacity 
coefficients to a standard state. The 
carbonate concentration build-up in 
the liquor could of course be mini- 
mized by resorting to shorter 
packed heights, which would, how- 
ever, lead to questionable results 
because of the then pronounced 
end effects and also because of pos- 
sible insufficient opportunity for 
the liquid flow pattern to develop. 
Thus the data may not embody one 
of the characteristic packing fea- 
tures (namely the establishment 
of the internal liquid distribution 


pattern). Another objection to 
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FIG. 6. CORRECTED 1-IN. PACKING DATA 
FOR SYSTEM CARBON DIOXIDE—SODIUM 
HYDROXIDE; GAS RATE CONSTANT. 
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FIG. 7. CORRECTED 1-IN. PACKING DATA 
FOR SYSTEM CARBON DIOXIDE—SODIUM 
HYDROXIDE. LiquiIp RATE CONSTANT. 


smaller heights would be the re- 
duced accuracy of the data, caused 
by small concentration differences 
of carbon dioxide in the gas 
Streams; on the other hand, the 
more concentrated the liquor the 
smaller will be the rate of carbon- 
ate build-up. But here too difficul- 
ties will arise, caused primarily by 
the higher liquor viscosity, which 
has a bearing on initial liquor dis- 
tribution to the top of the packing. 
In consideration of these factors 
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it was decided to work with a nor- 
mal sodium hydroxide solution 
(4%) and an inlet gas stream that 
contained ordinarily about 1 to 2% 
carbon dioxide. 

The effect of carbonate build-up 
upon the coefficients was noted 
first.* Since the liquor, carrying 
COs ions exerts no appreciable CO, 
partial pressure(3), over-all co- 
efficients were calculated from the 
equation 


h x A x ADPim 


In this equation the symbols are as 
follows: 


N =lb.-moles of solute gas trans- 
ferred/hr 

h = packed height, ft. 

A = tower cross-sectional area, sq. 


AP), = logarithmic mean partial 
pressure of solute in gas 
stream 


K,,a = over-all capacity coefficient, 
lb.-moles/ (hr.) (cu.ft.) (atm.) 


jaa 

© - 3/4" intalox saddles 
@ -Column repacked 
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4 - 3/4" Raschig rings 

— A-Column repacked 
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For the purpose of ascertaining 
the carbonate ion effect, liquor and 
gas rates were kept constant and 
the arithmetic-average carbonate 
concentration was calculated be- 
tween top and bottom. The result- 
ing graph served as basis for prepa- 
ration of Figure 5. Kga at 25% 
conversion to carbonate, (Kga@)o5, 
was arbitrarily chosen as reference 
state. The course of the curve of 
Figure 5 is also supported by some 
data of Stutzman and Dodds(11), 
as well as of Tepe and Dodge(12). 
As expected, the effect of carbonate 
concentration build-up, being essen- 
tially a saturation-diffusion phe- 
nomenon in the liquor, is not de- 
pendent on packing. Hence the 
~ *Complete original data may be ordered from 
the Photoduplication Service, American Insti- 
tute of Documentation, Library of Congress, 


Washington 25, D.C., as document 4564 for 
$1.25 for microfilm or photoprints. 
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curve of Figure 5 was used to re- 
fer all the data to the 25% car- 
bonate reference state. 

Effect of solution rates on the 
capacity coefficients is obtained 
from Figures 6, 8, and 10. In Fig- 
ures 7, 9, and 11, capacity data are 
shown in relation to gas rate. The 
effect of repacking the column and 
the reproducibility of the perform- 
ance both for Intalox saddles and 
rings may be observed from Fig- 
ure 8. As the loading state of the 
packings is approached, capacity 
data will increase, as may be ob- 
served from Figure 12. 
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DISCUSSION 


Irrigation Rate Dependence. Con- 
sideration of the effect of liquid 
rate on the coefficients indicates 
that for all packing and sizes, Kga 
increases as the irrigation rate in- 
creases. The relationship may be 
approximated by (K,a) « L*, where 
n is the slope of the individual data, 
It is found to vary from approxi- 
mately 0.35 for the large to 0,18 
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= 


for the small packings. For the 
larger size rings K,a is almost in- 
dependent of irrigation rate when 
the latter is low. These variations 
of the slope value are doubtlessly 
associated with area utilization in 
the packed bed. No definite con- 
clusion may be formulated, though, 
because irrigation rate will influ- 
ence not only area utilization but 
the Kg portion in the capacity data 
as well. Since it is doubtful whether 
the effect of liquid rate upon Kg 
can be accurately determined in a 
packed bed, the data of Figures 6, 
8, and 10 are not helpful to give 
a definite indication as to surface- 
area utilization. 


- 1/2" Intolox saddies 2 
O- Berl saddies 71680 ft 
= 
5.0}— 
® 
uy 
= 
4 
3 
= 
a_4 4 
2.0}— 
A- 1/2" Carbon rings, L =1500 Ibs. /hr., ft? 
= (NoOH-approximotely |.0 N., Tepe and Dodge) 
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In all instances it is found that 
Intalox saddles 
capacity data; Berl saddles are 
next; and Raschig rings are lowest. 
Except for the 3/4-in. packings, 
the difference between Intalox and 
Berl saddles is equivalent to the 
difference between the latter and 
Raschig rings. It is of interest to 
note that the order of magnitude 
of the coefficients does not conform 
with the surface area offered by 
the individual packings. 

The 1-in.-metal-ring data are 
significantly lower than the 1-in.- 
ceramic-ring data. The difference 
may be due to a number of reasons, 
of which the following may be the 
most likely. Since the metal rings 
have a considerably thinner wall 
than the ceramic rings, the free 
space in the metal-ring bed is much 
greater than in the ceramic-ring 
bed. Therefore, the metal rings 
will, for given liquid and gas rates, 
be in a lower state of loading than 
the ceramic rings. Aside from the 
state of loading, surface char- 
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give the highest’ 


acteristics, as caused by material 
of construction, may be involved. 
Thus it is conceivable that the 
aqueous liquor will spread into 
films more readily over a ceramic 
than over a metal body. 

The effect of repacking the col- 
umn is observed from Figure 8. 
Table 2 shows the packing densi- 
ties for the two Intalox charges 
and the two Raschig ring charges. 
The reproducibility observed with 
Intalox saddles is very satisfactory. 
Since Intalox saddles have virtual- 
ly no tendency to pattern pack this 
is to be expected. The rings, on 
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Fic. 12. ABSORPTION AND PRESSURE 
Drop DATA FOR 1-IN. INTALOX SAD- 
DLES. 


the other hand, show that the pro- 
cess of repacking (floating into 
water in both cases) causes a sig- 
nificant variation in the capacity 
data. This is obviously due to pat- 
tern-packing tendencies which are 
not controllable in ordinary pack- 
ing operations. Severe differences 
in performance have been reported 
both in the field as well as in re- 
search (4a). 


Gas-Rate Dependence. From Fig- 
ures 7, 9, and 11, it may be con- 
cluded that K,a data are inde- 
pendent of gas rates when the lat- 
ter are low. At higher gas rates 
K,,a will increase with G sooner as 
one progresses from Intalox saddles 
to Berl saddles and finally to Ras- 
chig rings. This trend is caused by 
the effect which gas rate exerts on 
the holdup in the packing. As the 
joading range is approached 
(through an increase in gas rate) 
the packing-surface area will be 
utilized to a greater extent. Ap- 
proach to loading is indicated by 
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the pressure-drop data of Figure. 
12. Thus for a gas rate of, say 900, 
and a water rate of 3,200, lb./ (hr.) 
(sq.ft.) the coordinates for Figure 
13(8) become 0.0404 and 0.123. 
Location of the point on the graph 
discloses that operation occurs in 
the loading range with a pressure 
drop of about 0.5 in. of water/ft., 
in agreement with the experimen- 
tal value. 

The gas-rate dependence of the 
Spector and Dodge(10) 1-in. Berl- 
saddle data, shown in Figure 7, is 
not due to approach to the loading 
range; it is a genuine gas-rate 
dependence, probably caused by the 
very dilute carbon dioxide concen- 
tration in the gas. At a solute con- 
centration of only 300 p.p.m., ab- 


| 
G= Gas moss velocity, L= Liquid mass velocity-Ib /sec. 12) 
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Fic. 13. GENERALIZED PRESSURE DROP 
FLOODING CORRELATION FOR DUMPED 
PACKINGS. 


sorption from the gas film may be 
rapid when compared with a possi- 
bly slower step of diffusion of 
carbon dioxide from the main body 
of the gas through the film. The 
carbon-ring data of Tepe and 
Dodge(12), shown in Figure 11, 
are not gas-rate dependent. For 
their highest gas rate of 430 and 
a liquid rate of 1,500 lb./ (sq.ft) 
(hr.), the coordinates for Figure 
13 become 0.0257 (packing factor 
270) and 0.120, a location well be- 
low the loading range. The present 
study is not only in agreement with 
the Tepe and Dodge work on the 
matter of singular liquid film con- 
trol, but the general data level of 
the two studies are also in satis- 
factory agreement. The present 
data may, therefore, be used for 
a further comparison of ring sae 
saddle behavior. 


Kea vs. Specific Surface Area. Spe- 
cific surface-area evaluations of the 
packings tested are given in Table 
2. In Figure 14 corrected coefli- 
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Raschig rings Gent (0-60) 
(0.63) 7 
— 3000 
760 760 7 
760 (0.92) 10 (0.92) 
So 
= (0.90) 
71680 (0.80) J 
3.0 -— 
380 (0.74) | 
1680 
1680 (0.99) 
380 /” 
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cients have been related to specific 
surface areas for Raschig rings 
and Berl saddles. The same type 


of data are given in Figure 15 for “ 1.0 =a] 
Intalox saddles. Gas rate is con- a 3 
stant for all the data [450 lb./ (sq. 0.6t— 


ft.) (hr.) ]. For each set liquid rate 3 
is constant, as indicated; hence the 
data for the various nominal-size 
rings and saddles may now be com- 
pared with each other. The funda- 
mentally different behavior of rings 7 
and saddles is immediately ap- 
parent. Proceeding from 1-in. sad- 
dles to the 1/2-in. size, there re- 
sults a relatively steady increase 
in the coefficients. The rings, on 
the other hand, show no increase 
in coefficients between the 1-in. and 
3/4-in. size. In fact, at the lowest 
liquid rate the coefficient for the 
3/4-in. Raschig ring is actually 
lower than for the 1-in. ring. This 
retrograde result is surprising, 
especially because the total specific 
surface area of 3/4-in. Raschig 
rings is substantially higher than <= 
that of 1l-in. rings. Even for the 
highest flow rate the coefficients do 
not recover sufficiently to rise con- 
vincingly above the 1-in.-size level. * 


+ ®—Intalox saddles 
| O— Ber! saddles 


= 


i000 4000 
L-LBS./HR.FT* 


Fic. 16. SLOPE VALUES FROM FIGURES 
14 AND 15. 


300 


Raschig rings Berl saddles 


The conclusion which must be 
drawn from this observation is 
that, although with the 1-in. rings 
a certain modest fraction of the ° 200 500 @ v2" 
inside surface area of the packing (3) 450 500 ° Wg" 


may be effective contacting area, 
the value of the inside surface area 200 
of the 3/4-in. size is very small. 


This observation is supported by 
the fact that there is an approxi- 
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Fic. 17. DATA OF FELLINGER 
(NH,-H,0). 
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mate numerical equality between 
the total outside surface area of 
the 3/4-in. rings and the combined 
outside and inside surface areas of 
the 1-in. size. The foregoing retro- 
grade phenomenon, observed at low 
liquid rates, points to the possi- 
bility that there may be preferen- 
tial liquid flow through the inside 
of the packing and preferential gas 
flow on the outside or vice versa. 
The two streams would thereby be 
well separated from each other, a 
result that should lead to low co- 
efficients. In view of such possi- 
bilities one may well wonder 
whether it. is at all significant to 
measure surface-area utilization in 
rings (and perhaps in packings in 
general) by mechanical means 
alone, that is, in the absence of 
mass transfer. When the Raschig- 
ring data are considered further, 
the rapid increase in the coefficients 
as one proceeds to the 1/2-in. size 
is understandable from the very 
large accompanying surface-area 
increase. The outside 1/2-in. ring 
area is significantly in excess of 
the total 3/4-in. ring area. The in- 
side-surface-area contribution of 
1/2-in. rings is probably nil. 

The saddles, being open pack- 
ings, do not show a retrograde ef- 
fect. The slopes of the data are an 
indication of the area utilization. 
Slopes have been evaluated for the 
four liquid rates and plotted in 
Figure 16. For flows beyond 1,000 
Ib./ (sq.ft.) (hr.) area utilization in 
both Intalox and Berl saddles seems 
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equally good. At low flows, such as 
are observed in distillation col- 
umns, Intalox slope values are 
higher, and the packing utilizes its 
surface area more effectively than 
do Berl saddles. At high liquid 
rates and in beds of small pack- 
ings, surface-area utilization drops 
off for both packings. At the par- 
ticular limiting rate (3,000 Ilb./ 
(sq.ft.) (hr.) when water is used) 
individual small streams and rivu- 
lets form in the column and be- 
come sufficiently heavy that they 
may no longer be broken up by 
small packing elements. At this 
point cascading flow begins, caus- 
ing a reduction in effective gas- 
liquid contact area. 

From Figure 15 it is apparent 
that only liquid rate has an effect 
on area utilization. The two sets 
of data for gas rates, 760 and 215 
lb./sq.ft.) (hr.) and the accompany- 
ing liquid rate of 1,680 are con- 
ditions sufficiently below loading 
that no effect on the coefficients is 
observed. 

Essentially all the observations 
made so far on surface-area utiliza- 
tion may be substantiated by the 
extensive data of Fellinger—NH.,- 
H.O system—(5) and Mehta and 
Parekh — H,0,-H,O, — (9). Their 
data are reproduced in Figure 17 
and 18.;.Fellinger observes retro- 
grade effects with 1/2-in. and 3/8- 
in. Raschig rings. The retrograde 
effects disappear at elevated liquid 
rates. general, surface-area 
utilization in rings improves as 
irrigation rate increases. Gas rate 
affects the over-all data level, but 
not significantly the extent of area 
utilization for the various sizes. 
The ring data are in reasonable 
agreement with the finding of 
Dodge and Dwyer(4), who report 
that in ammonia absorption K,a 
varies as the 0.45 power of the 
specific surface area. The behavior 
of the Berl saddles is similar, as 
already described. The Mehta and 
Parekh data lead essentially to the 
same observations. Retrograde ef- 
fects are observed with rings. 
These effects are minimized and 
may wholly disappear as flows in- 
crease. The Berl-saddle behavior is 
strictly analogous to the present 
CO.-NaOH results and the NH.,- 
H.O data of Fellinger. The ap- 
proach to cascading flow is ap- 
parent as the irrigation rate in- 
creases. 

The difference between ring and 
saddle behavior is reflected in the 
character of the holdup data (Fig- 
ure 19). As expected, holdup in- 
creases for all packing as irriga- 
tion rate increases. Slopes reveal 
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that for the two kinds of saddles 
the rate of increase is the same, 
but is considerably higher for the 
Raschig rings. Significantly, at low 
irrigation rates the holdup is lower 


. in rings than in saddles. The situa- 
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tion tends to reverse at higher 
liquid rates. One possible explana- 
tion is that at the low irrigation 
rate the liquid flows preferentially 
at the outside of the rings; where- 
as at higher rates, an ever increas- 
ing fraction of the inside-ring 
voidage becomes effective. 

A comparison of the two types 
of saddles is shown in Figure 20. 
The observation that both Berl 
and Intalox-saddle data correlate 
(for the high irrigation rates) 
along one singular line indicates 
that at these rates area utilization 
in beds of both packings is about 
equal. The higher coefficients ob- 
served with Intalox saddles (as 
compared with the same nominal- 
size Berl saddles) are due chiefly 
to the higher surface area that is 
provided by the Intalox-saddle bed. 


. At the low irrigation rate the 


higher slope of the Intalox data 
reveals improved area utilization. 
As far as order of magnitude is 
concerned, it is noted [in accord 
with Stutzman and Dodds(11)] 
that as a rule Berl saddles will 
give the same coefficients as the 
next larger nominal size of Intalox 
saddles. 
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LIQUID FILMS IN VISCOUS FLOW 


A trace of radioactive material dissolved in a liquid enables the thickness of a 
moving film to be determined by measurement of the radiation emitted. The method 
is rapid and accurate and an average thickness is obtained directly even though the 
surface of the film may be irregular. Six liquids, having viscosities ranging from 0.5 
to 20 centipoises were observed in flow down the inner wall of a vertical tube. Liquids 
having viscosities of about 1 centipoise or less exhibit typical viscous behavior with 
respect to film thickness even when waves are present. Liquids having larger viscosities 
give values of the film thickness which are less than for true viscous flow. The de- 
parture from normal behavior increases with increasing viscosity and occurs only 
over the region where the liquid moves in wave flow. Surface tension is not a factor 


in either wave formation or wave flow. 


The wave motion appears at flow rates well within the viscous region and occurs 
when the Froude number exceeds unity. Equations derived for the viscous flow of 
liquid films on the inner wall of a vertical tube would be required where tube diameter 
is small or liquid viscosity large. Ordinarily the less complex equations for flow down 
a flat plate may be used. A theory of flow in the viscous region with waves present 


is suggested. 


Liquid films are encountered in 
some types of heat and mass trans- 
fer equipment, both industrial and 
experimental, and are of general 
interest to hydrodynamical theory. 
The importance of the mechanics 
of film flow to the analysis of per- 
formance of industrial equipment 
has recently been discussed(4). 
Several different approaches have 
been employed in measuring film 
thicknesses, a procedure that is 


CONSTANT | 
HEAD TANK | | 


SCALING UNIT 


CONTROL 
| GEIGER VALVE 
TUBE 


“41 WETTED-WALL 
4— COLUMN 


VOLUMETRIC 
TANK 


SHUT-OFF” 
VALVE 


SURGE 
TANK 


pump» 


Fic. 1. FLow DIAGRAM FOR THE MEAS- 
UREMENT OF FILM THICKNESS BY USE 
OF RADIOACTIVE ISOTOPES. 


Vol. 1, No. 2 


complicated by the fact that the 
liquid may assume a wave motion 
at flow rates well within the viscous 
flow region. 

Kirkbride(12) made direct meas- 
urements with a micrometer and 
reported that the thickness at the 
wave peak was several times the 
thickness of the film expected for 
normal laminar flow. Others (3, 5) 
obtained average film thickness by 
measuring drainage after stopping 
the flow of liquid simultaneously at 
the top and bottom of a vertical 
tube. This method gave satisfactory 
results at moderate flow rates but 
was subject to timing errors at 
high rates. It was reported that in 
spite of the considerable height of 
the wave crests, the flow behavior 
was that expected for true viscous 
flow. However, recent work has 
shown that when waves are present 
the apparent surface velocity is 
greater than normal(6,10), and 
for the mass transfer process in a 
wetted- wall column(9, 11, 16) 
liquid-film resistances are neg- 
ligibly small, possibly because of a 
mixing action occurring in the film. 

Heat transfer to and through 
liquid films on column walls has 
been observed,: particularly in the 
case of condensing vapors(2), and 
the heat transfer rate is above that 
which would be expected from vis- 
cous theory. A portion of the vis- 
cous region for flow with a free 
surface thus exhibits an anomalous 
behavior and additional informa- 
tion was desired. The use of radio- 
active tracers offers an excellent 
method of observing film thick- 
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ness without disturbing the flow 
pattern. 


METHOD OF USING RADIOACTIVE 

TRACERS 

A trace of a radioactive isotope 
is dissolved in a liquid which is 
made to flow as a film down the 
inner wall of a vertical tube. A 
Geiger-Mueller tube positioned at 
the center of the vertical tube 
registers the radioactivity emitted 
by the liquid. The activity observed 
depends on the thickness of the 
liquid film. Samples of the liquid 
must be analyzed for the concen- 
tration of radioactivity because 
absorption may cause charges in 
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concentration during the course of 
a run. Also, because of the trace 
quantities employed, it is not feasi- 
ble to introduce the same concen- 
tration of activity into each liquid. 


Equations Relating Radioactivity and 
Film Thickness. The isotope used was 
yttrium 91, which emits only beta 
radiation (1.53 mev.) and has a 
half life of 57 days. A linear rela- 
tion does not exist between ob- 
served activity and thickness of 
the liquid film because beta radia- 
tion is partially absorbed by the 
liquid. However, corrections may 
be made and all observations re- 
duced to a common basis by the 
following expressions: 


m=CXA, (1) 


A, = A,P.P, (2) 


The term A, is the activity reg- 
istered by the scaling unit for flow 
of the liquid film down the vertical 
tube. The factor P, corrects for the 
adsorption of the liquid film and is 
the ratio of the activity that the 
film would show without absorp- 
tion to the activity observed with 
absorption. The factor P, corrects 
the observed activity for the con- 
centration of isotope. It is the ratio 
of the activity of a liquid sample 
to the activity of some liquid se- 
lected arbitrarily as a basis. These 
factors are determined by analyti- 
cal methods described later. The 
activity of a liquid sample on the 
date of analysis (A) must be cor- 
rected for radioactive decay to the 
activity the sample had on the date 
of its evaluation in the flow ap- 
paratus (A’). The following ex- 
pression is used for this: 


(3) 


For A/A'=1/2 at t= 57 days 
and 4 = 0.01216 (day)-!. The term 
A, is therefore the activity that the 
counting apparatus would register 
if each liquid had zero absorption 
and the same concentration of ra- 
dioactive isotope. The constant C is 
the proportionality factor between 
corrected activity and the film 
thickness. It depends on the geom- 
etry and counting efficiency of the 
Geiger tube and is determined by 
operating the flow equipment in a 
region where the film thickness can 
be calculated from viscous theory. 
Thus a film thickness determined 
by the use of a radioactive tracer 
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is not measured directly but is 
computed from the ratio of an un- 
known to a known condition of 
flow. 


Equations of Flow. Equations for the 
viscous flow of a liquid film down 
a vertical flat plate have been 
established(5) and are given be- 
low: 
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EXPERIMENTAL EQUIPMENT AND 
PROCEDURE 


Apparatus. The equipment consisted 
of a device for rigidly supporting a 
removable glass tube in a vertical 
position and for supplying the inner 
wall of the tube with liquid. This 
equipment is represented diagram- 
matically in Figure 1. Liquid at a 
constant rate was provided by a con- 
stant head tank. Glass, copper, and 
copper alloys were used throughout 
to prevent contamination by solid 
corrosion products which would ab- 
sorb radioactive ions and deposit in 
the wetted-wall tube. Liquid-flow rate 
was measured by means of a cali- 
brated glass vessel inserted in the 
drainage line between the vertical 
tube and the surge tank. This method 
gave accurate results for extreme 
ranges of flow rate and viscosity. 

The vertical glass tube had an in- 
side diameter of 1.423 + 0.010 in. The 
upper end of the glass tube was 
ground to an angle of 90° with the 
walls and the upper edge of the in- 
side wall was roughened slightly to 
ensure uniform wetting. The tube was 
brought into vertical alignment by 
use of a precision square and level. 
Any deviation from the vertical was 
of the same order of magnitude as 
the variation in straightness of the 
glass walls. The tube could be readily 
removed for cleaning, as was done 
prior to each run to reduce the back- 
ground count to a minimum. Before 
overflowing the top of the glass tube, 
liquid entered an enlarged cylindrical 
well containing two screens concentric 
with the tube. No liquid disturbance 
in this well was apparent except at 
the very highest flow rates used. 

Figure 2 shows the column con- 
struction details. The Geiger-Mueller 
tube for determining the activity of 
the liquid flowing on the walls was 
a Victoreen Model 1B85 and was held 
concentric with the glass tube. The 
holder shielded the Geiger tube to 
limit the area it could “see” to the 
immediate vicinity. This eliminated 
the influence of radiation from the 
upper and lower portions of the glass 
tube, where the flow pattern is not 
typical. The top of the Geiger tube 
was 12 in. below the top of the glass 
tube. 


Procedure. A Nuclear model 165 
scaler supplying 850 volts to the 
Geiger-Mueller tube was used for 
counting. The same counting tube 
and apparatus were used for all de- 
terminations. In most cases the num- 
ber of counts obtained was 10,000 or 
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more, which gave a standard devia- 
tion of 100 or less. The flow rate was 
established simultaneously with the 
counting period. The background em- 
ployed was that at the beginning of a 
run since some residual activity re- 
mained after a run due to liquid 
holdup and subsequent evaporation. 
The entire flow range was covered 
several times during a series of de- 
terminations to ensure that the data 
were representative. 

The isotope Y9! was received as 
YCl, in 6N HCl acid. A stock solu- 
tion of 2 mceuries of Y2®1 in 8 liters 
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of isopropyl alcohol was prepared. 
Portions of this (500 to 2,000 ml.) 
were evaporated to a solid residue, 
which was then taken up by a por- 
tion of the liquid under test. In the 
case of methanol and ethyl acetate 
the residue was insoluble, and for 
these a portion of the original Y® 
acid solution was placed directly in 
the liquid. For each flow determina- 
tion 8 liters of liquid was used and 
2g. of anhydrous aluminum chloride 
was added as a carrier to reduce loss 
of radioactive isotope by adsorption 
on the walls of the apparatus. 
Because evaporation and adsorption 
may cause the activity to change 
during the course of a run, and be- 
cause a solution may not easily be 
prepared to have a _ predetermined 
coneentration of isotope, a method of 
analysis of liquid activity was neces- 
sary. As dip counting was not satis- 
factory, a method using planchets 
was developed. The planchets were 
constructed of short sections of 1/2- 
in. copper tubing held to the backing 
plate by solder, litharge-glycerin, or 
wax depending on the liquid under 
test and the type of backing used. 
For comparing samples of the same 
liquid a deep planchet was used, 2 ml. 
of liquid being added to the planchet 
and the activity determined by the 
apparatus shown in Figure 2. For 
comparing the activity of different 
liquids, 0.100 ml. of the sample was 
placed in a shallow planchet and was 
then evaporated to dryness before 
counting. This method could have 
been used for all samples, but the 
process of analysis was speeded con- 
siderably by using the deep planchet 
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for a series of samples of the same 
liquid, and the evaporative technique 
for only one sample of each series. 
The procedure is further illustrated 
by the sample calculation given later. 

To establish values for the factor 
P,, it was necessary to determine the 
absorption of beta radiation as a 
function of film thickness. For this, 
shallow planchets having a backing 
plate of glass were used. This was 
necessary to simulate the conditions 
of the liquid on the wall of the glass 
tube because the use of a copper 
backing material gave results ap- 


face tension of these liquids to more 
than one half the normal values and 
provide an excellent method of observ- 
ing surface-tension effects without 
change in kinematic viscosity. It was 
also necessary to add about 0.1% 
octyl and n-butyl alcohols to reduce 
foaming. 


EXPERIMENTAL RESULTS 


It was necessary first to estab- 
lish the value of the constant, C, 
in Equation (1). This was done by 
operating the vertical-tube appara- 


TABLE 1.—WAVE INCEPTION AS A FUNCTION OF COLUMN POSITION 
AND REYNOLDS NUMBER 


Liquid (in order of increasing 


viscosity) 
62.0% Glycerol solution....... 18 
70.4% Glycerol solution....... 12 


Distance below top of wetted-wall column, in. 


4 8 12+ 
880 1,670 
760 1,470 
530 1,030 1,540 
340 660 970 
180 330 
130 230 


*The distance for initial appearance of the waves was small and was assumed zero. 
{This distance coincided with the top of the Geiger tube. 


preciably different from those for the 
glass. Small increments of liquid were 
added by micropipet and the corre- 
sponding activity was measured. Film 
thickness was calculated from liquid 
volume and planchet diameter. Sur- 
face-tension effects were reduced in 
the case of water and glycerol solu- 
tions by adding a small quantity of 
a surface-active agent. Activity val- 
ues at zero absorption were obtained 
by evaporation. A typical absorption 
curve is shown in Figure 4, and val- 
ues of the absorption factor as a 
function of film thickness are given 
in Figure 5. 


Materials. Six different liquids were 
employed in the test apparatus: ethyl 
acetate, methanol, water, 2-propanol, 
62.0% glycerol solution, and 70.4% 
glycerol solution. These provided a 
viscosity range of 0.5 to 20 centi- 
poises. The following grades of ma- 
terials were employed: distilled water, 
U.S.P. glycerol, Shell 2-propanol (98- 
99%), Carbide and Carbon Corpora- 
tion commercial-grade ethyl acetate 
(87-89%), which analyzed 88.0%, and 
methanol of unknown source. The 
glycerol solutions were analyzed by 
density measurements(17) and vis- 
cosities were determined from com- 
positions (21). Experimental measure- 
ments of viscosity for. 2-propanol, 
ethyl acetate, and methanol were 
made by use of an Ostwald drip- 
type viscosimeter (Fisher). Values 
obtained checked handbook values 
closely and the methanol was indi- 
cated to be of high purity. For some 
of the water and glycerol series, 0.1% 
by weight of Ethomeen C/15 (Ar- 
mour) was added to reduce the sur- 
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tus under conditions of flow where 
film thickness could be calculated 
from flow rate using Equation (4). 
This may be done for the region 
where the flow is truly viscous and 
waves are absent. It was not possi- 
ble to secure uniform coverage of 
the wall at the low flow rates re- 
quired except for the more vicious 
liquids. The value of the constant 
was determined by plotting cor- 
rected activity vs. calculated thick- 
ness, as shown in Figure 6. The 
best line though the data points 
and the origin gives C = 0.0000- 
1010. 


Calculations. A sample calculation 
will serve most conveniently to il- 
lustrate the method. The concen- 
tration of activity for a sample of 
I-52 (70.4% glycerol series) as 
determined by the deep planchet 
method for example, was 5.27 
counts/sec. compared to 5.17 ct./sec. 
for a sample of I-8. The latter was 
selected as the sample for the 
series to be analyzed by evapora- 
tion and gave A=2.65 ct./sec. 
Hence the activity that sample I-52 
would have shown on evaporation 


These analyses were made 12 days 
after observations were taken in 
the flow apparatus, and by Equa- 
tion (3) the activity corrected to 
the date of the run is 
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0.01216 x 12 _ 0.864 


A’ = 2.70/0.864 = 3.11 ct./see. 


A sample from the water series, 
G-2 was selected as the activity 
basis for all determinations and 
this sample analyzed A’ = 4.50ct./ 
sec. The value of the correction 
factor, P., for sample I-52 is there- 
fore P, = 4.50/3.11 = 1.450 
This signifies that at the time the 
flow determination for the glycerol 
solution was made the concentra- 
tion of radioactivity was less than 
that of sample G-2 by this ratio. 
Hence the activity indicated by the 
Geiger tube in the flow apparatus 
for run I-52 (A, = 162.0 ct./sec.) 
must be increased by 1.450 so that 
the two series of determinations 
may be directly compared. In prac- 
tice the value of P, was not de- 
termined for each point because 
it changed only little if at all for 
most liquids. Four or five samples 
were taken over a series of de- 
terminations, and P, was inter- 
polated with respect to time. 

The factor P, must be obtained 
by trial since this depends on the 
film thickness, which is yet un- 
known. A first approximation of 
thickness is obtained from Equa- 
tion (4) for true viscous flow. For 
I-52 this is 


x 0.449 X_ 16.29 


4.17 X 10° 
0.00374 ft. (0.0449 in.) 


From Figure 5, P,=1.23, which 
signifies that the flow activity ob- 
served would have been greater by 
this factor if absorption of radia- 
tion by the film had not occurred. 
By Equation (2) the corrected 
flow activity is 


A, = 162.0 X 1.450 X 1.23 = 


288 ct. /sec. 


and by Equation (1) the film thick- 
ness is 

m = 0.00001010 < 288 = 0.00291 ft. 
(0.0345 in.) 


Since the calculated film thickness 
does not check the assumed value, 
a new value of P, = 1.19 is selected 
corresponding to the calculated 
thickness. A _ recalculation gives 
m = 0.00282 ft. (0.0334 in.) and no 
further refinement in the value of 
P, is necessary. It may be noted 
that large variations in film thick- 
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ness result in only small changes of 
the factor P,. Therefore, the use of 
this factor based on average thick- 
ness results in only a small error 
even though waves of considerable 
height are present. 


Characteristics of Wave Flow. Flow 
rates, corresponding to Reynolds 
numbers of 4 to 5,000, were em- 
ployed and covered the entire re- 
gion of viscous flow although it 


was not possible to obtain this 
range with each liquid. The sur- 
face of the liquid film assumes a 
wave motion at very low flow rates. 
For the lighter liquids it was not 
possible to operate the apparatus 
in a nonwave region because of 
incomplete coverage of the wall. 
The initial formation of the waves 
was sharply defined and the ap- 
pearance or disappearance of the 
waves could be effected by only a 
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small change in the flow rate. At 
inception the waves appeared over 
the entire column except for a very 
short distance at the top. As the 
flow rate increased, the point of 
wave formation progressed down 
the column, evidently because the 
liquid was accelerating in the upper 
portion. Table 1 shows this type 
of behavior and it is seen that a 
certain distance is required to 
establish the wave motion. This 
distance increases linearly with the 
flow rate over the range observed 
(the values given in Table 1 were 
read from the best lines through 
the experimental points) and in- 
creases with the viscosity. The 
spacing between waves was esti- 
mated at 1.25 to 1.50 in. at incep- 
tion. This spacing decreased as the 


conveniently placed into one of two 
groups according to whether the 
liquid is more viscous or less vis- 
cous than water. Figure 7 shows 
experimental film thickness plotted 
against a grouping of terms sug- 
gested by Equation (4). For liquids 
of viscosity equal to water or less, 
the agreement between observed 
and theoretical is good even though 
most of the flow lies in the region 
where waves are present. 

Figure 8 shows the behavior of 
liquids having viscosities greater 
than the viscosity of water. Film 
thickness departs from that for 
true viscous flow at the point of 
wave inception and is less than 
theory predicts. In the case of 2- 
propanol film thicknesses are ob- 
served to return to the expected 


Effect of Surface Tension. The 
activities and flow rates of several 
liquids were determined before and 
after the addition of a surface- 
active agent, which was estimated 
to reduce the surface tension by 
at least one half. The surface ten- 
sion of water and the 70.4% gly- 
cerol solution thus approached that 
for the organic liquids and per- 
mitted a direct observation of the 
effect of surface tension without 
change in viscosity or density. In- 
spection of Figures 7 and 8 shows 
that the decrease of surface ten- 
sion caused no change in film thick- 
ness. It was also determined by 
independent observations that the 
point of wave inception did not 
change upon the addition of the 
surface-active agent. 


TABLE 2.—TYPICAL FLOW AND ACTIVITY DATA 


Deter- ft. ature, B/ pa A,, 
mination (ft.) (hr.) sq. ft./hr. ft. <10° ct./sec. 
K series Ethyl acetate 
9 0.338 26.8 0.01940 0.0471 16.2 1.06 
19 5.29 26.0 0.01948 0.742 ako 1.09 
1 18.72 26.1 0.01946 2.62 66.1 1.11 
Lseries Methanol 
18 0.399 29.0 0.0265 0.0763 37.3 1.11 
] 15.25 28.8 0.0266 2.92 118.5 1.15 
27 30.3 29.5 0.0264 5.76 155.7 1.16 
G series Water 
13 0.642 33.0 0.0295 0.1363 26.8 1.16 
15 21.2 33.0 0.0295 4.52 76.3 1.30 
2 27.8 31.8 0.0302 6.04 88.4 1.30 
Gseries Water, surface-active agent added 
40 1.357 33.0 0.0295 0.288 28.8 1.20 
39 22.2 33.0 0.0295 4,71 68.9 1.30 
47 32.1 dace 0.0300 6.93 75.0 1.31 
J series 2-Propanol 
17 0.261 28.0 0.0920 0.1724 65.9 1.12 
5 12.13 26.8 0.0950 8.29 220 i 
42 43.7 25.6 0.0982 30.8 305 1.21 
H series 62.0% Glycerol solution 
13 0.767 32.5 0.0253 395 140.6 1.16 
34 6.63 34.0 0.238 11.34 221 1.18 
40 18.08 34.0 0.238 31.0 290 1.20 
I series 70.4% Glycerol solution 
24 0.461 34.0 0.415 1.374 68.6 1.14 
7 15.29 32.0 0.453 49.7 159.1 1.19 
45 20:2 | 0.439 79.3 178.5 12) 
Iseries 70.4% Glycerol solution, surface-active agent added 
78 0.818 32.0 0.453 2.66 80.4 1.14 
56 5.38 Sane 0.449 ¥737 124.2 1.17 
72 16.29 32.2 0.449 52.6 162.0 1,19 


rate of flow increased and rapidly 
reached a condition where it could 
no longer be followed easily with 
the eye. 


Film Thickness. Typical data are 
given in Table 2 for each of the 
liquids employed. Because of the 
behavior obtained, the data are 
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values when the waves disappear. 
The magnitude of the difference 
between experimental and theoreti- 
cal thickness increases with vis- 
cosity for the region of wave flow. 
Sufficiently high flow rates could 
not be obtained to observe the be- 
havior of the more viscous liquids 
near the turbulent region. 
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m, 

ct. /sec. ft. x 108 Re 

36 36.2 0.366 66 

88 88.6 0.895 1,085 

34 146.9 1.484 3,850 

.009 41.8 0.422 

.009 137.6 1.390 2,240 

.009 182.2 1.840 4,590 
1.677 52.2 0.527 87 
1.722 170.8 1.725 2,880 
1.522 174.9 1.767 3,690 
1.980 68.5 0.693 184 
1.975 177.0 1.788 3,010 
2.010 199.5 2.0 4,280 
0.774 57.1 0.576 11.3 
0.736 189.5 1.920 512 
0.832 307 3.10 1,780 
0.693 113.1 1.142 12.1 
0.693 180.9 1.827 ies 
0.693 241 2.44 304 
1.455 113.8 1.149 4.4 
1.455 275 2.78 142.0 
1.450 312 3.15 229 

4 134.2 1.356 7.2 
1.450 211 2.14 47.8 
1.250 276 2.82 145.9 


DISCUSSION OF EXPERIMENTAL 

RESULTS 

The use of radioactive tracers 
for the measurement of liquid film 
is a satisfactory technique. De- 
terminations may be made without 
disturbing the flow of liquid, and 
a series of values over a wide range 
of flow rate may be obtained rapid- 
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ly. The correction for absorption 
of beta radiation by the liquid and 
the calibration of the apparatus by 
observing flow in a region of true 
viscous flow both provide a pro- 
cedure for relating radioactivity of 
the dissolved isotope to the film 
thickness. The method appears 
capable of measuring film thick- 
ness with a precision of 0.0005 in. 
or better but the accuracy can only 
be inferred because an absolute 
measurement is not possible. The 
method also has possible applica- 
tion for flow-rate measurement in 
experimental work involving films. 

It is not feasible to calibrate the 
apparatus by directly relating 
activity to thickness by use of the 
planchet technique. Inaccuracies 
arise from surface-tension effects 
and reflection of radiation from 
the planchet walls; also, the geom- 
etry of counting a sample in a 
planchet is different from that in 
the flow apparatus. 

Beta radiation was employed be- 
cause it is effectively shielded by 
the walls of the glass and copper 
tubing, and no other precautions 
are necessary. An alternate pro- 
cedure would be to use an isotope 
emitting gamma radiation, which 
would be much more penetrating. 
The absorption would be zero for 
the thickness of films usually en- 
countered and a linear relation be- 
tween observed activity and thick- 
ness would result; however, this 
would require additional shielding 
to reduce the hazard of exposure 
and to eliminate radiation being 
recorded from undesired regions of 
the apparatus. Isotopes emitting 
beta radiation may be used only 
where the films being observed are 
not so thick that absorption effects 
predominate. A source of gamma 
radiation could be used where the 
absorption of beta radiation is 
large. The choice of isotope is 
limited to those which are soluble 
in the liquid under test, or at least 
to those which can be prepared as 
a colloidal solution or suspension 
and preferably to those emitting 
only one type of radiation. 

Statements appearing in the 
literature (3, 5,6) that liquid films 
in wave flow exhibit true stream- 
line behavior with respect to thick- 
ness have been based on observa- 
tions for liquids of low viscosity. 
For liquids more viscous than wa- 
ter the theoretical relations do not 
hold and the discrepancy can be 
large. Contrary to a previous re- 
port(8) the surface tension is not 
a significant factor in either wave 
inception or flow pattern when 
waves are present. 
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The data permit few conclusions 
concerning the inception of turbu- 
lence. For water and the lighter 
liquids, no significant departure 
from viscous behavior is indicated 
up to Reynolds numbers of 5,000 
although greater scattering of the 
data is observed above Re = 2,000. 
Flow rates well up into the turbu- 
lent region could not be obtained 
with the equipment as originally 
designed. 


Equations for Flow Down a Circular 
Tube. Equations (4) through (8) 
were derived for flow down a flat 
plate, and the validity of their use 
for a circular tube may be assessed 
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Fic. 9. SKETCH SHOWING DISTANCES 

AND FORCES FOR THE DERIVATION OF 

EQUATIONS FOR FLOW OF FiLMs Down 
A VERTICAL TUBE. 


by deriving equations for the tube. 
With reference to Figure 9, for a 
tube of height h the forces acting 
on a section of liquid toward the 
center of the tube at radius 7 are 
F,, the force of gravity acting on 
the mass of the film; F's, the force 
due to viscous shear of the liquid; 
F;, the frictional force exerted by 
the core stream on the liquid sur- 
face (flow assumed countercurrent 
to wall film). Under steady state 
conditions these forces may be 
equated as follows: 
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= F.+ (9) 
where 


Py 


m(r'—11)hpage (10) 


Fo = — (24h) (dv/dr) (11) 


F; = — (APan’) 9. (12) 


It has been shown(10) for a gas 
core moving at a moderate flow 
rate that F’ is small in magnitude 
compared with the other forces and 
may therefore be neglected for this 
condition. 


With this assumption, F, = F, and 


dv Pa 9 r : 

a Ye 1 
(7 ) (3) 
Integrating 


| 


The constant of integration may 
be evaluated by imposing the con- 
dition that at 


r= R,v=0,orc: = 


Pa R 


= 
Qu in Rando 


Pa Jc| p22 
E r+ In | a5) 


Equation (15) gives the velocity 
of a liquid layer at any point r in 
the film. The liquid surface velocity 
is given by v= V, at or 


(16) 


The mean liquid velocity may be 
obtained from 


(18) 


Combining Equations (15), (17), 
and (18) and integrating give 


where 


(19) 
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Dividing Equation (16) by Equa- 
tion (18) 


2 2 2 T1 
R m1 + In 
n> 
= 
(20) 


The value of this ratio for the 
limiting conditions of a full and 
empty pipe may be obtained in each 
case by applying L’Hopital’s rule 
(20). This consists of successively 
differentiating the numerator and 
denominator until a determinate 
value for the ratio is obtained on 
substitution of limiting conditions. 
For an empty pipe r, = R and V,/V 
= 1.5, which is the same result as 
obtained for the flat plate. For a 
completely full pipe in viscous flow 
7; =0 and V,/V = 2, which is the 
expected result (V, in this case is 
the velocity at the center of the 
pipe). It is evident that the value 
of V,/V will vary continuously be- 
tween these limits depending on the 
thickness of the film and the curva- 
ture of the pipe wall. 

For liquids of medium or low 
viscosity and for tube radii large 
in comparison with film thickness, 
the velocity ratio may be assumed 
to be 1.5 for most purposes. For 
instance, water at 25°C. in viscous 
flow down the wall of a 1.5-in.- 
diam. tube at a Reynolds number 
of 2,100 would have a film thick- 
ness of 0.020 in. For these con- 
ditions the value of the ratio from 
Equation (20) is 1.505. 

Equations (16), (19), and (20) 
would be required in the case of 
very viscous liquids, tubes of small 
diameter, and liquid-liquid systems 
where film thicknesses are much 
larger. The less complicated equa- 
tions for flow down a flat plate 
would be preferred where applica- 
ble. 

No quantitative relationship is 
readily apparent between film 
thickness and flow characteristics 
for the region of viscous flow with 
waves present. The development of 
a theoretical or empirical descrip- 
tion of the flow pattern requires 
further information at point con- 
ditions because of the irregular 
and constantly changing surface of 
the film. A qualitative flow pattern 
and certain quantitative character- 
istics of wave flow are discussed 
below. 


CRITERION FOR WAVE 
INCEPTION 


In contemplating the behavior of 
films in wave flow it is apparent 
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that factors other than those for 
closed conduits must be considered 
because of the free surface exposed. 
A means of predicting the con- 
ditions under which wave flow oc- 
curs is desired. 

The Weber number may be used 
to characterize the flow under con- 
ditions where surface tension is a 
factor; however, the results re- 
ported show that surface tension 
is not a variable in either wave 
inception or film thickness. 

The Froude number may be used 
to characterize the flow when dens- 
ity or gravity is a factor. It may 
be defined as the ratio of average 
velocity of the liquid stream to the 
velocity of propagation of a shal- 
low wave™, or 


F = (21) 


The velocity of propagation of a 
wave where the depth of liquid is 
small is dependent only on the 
depth and is independent of such 
factors as viscosity and surface 
tension(18). A Froude number of 
unity represents a critical condition 
at which the average liquid velocity 
is equal to the velocity of wave 
propagation; it might be expected 
therefore that this condition would 
be a critical point for the appear- 
ance of waves in film flow. This 
criterion will first be applied to 
the available data on surface veloci- 
ties of liquid layers on vertical 
tubes. 


Surface Velocities. Figure 10 shows 
the ratio of apparent surface 
velocity to average velocity plot- 
ted vs. Froude number calculated 
for data from two sources. The 


*The Froude number is sometimes used as 
the square of this ratio. 
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method of reference 6 timed the 
travel of an indicator dye (injected 
into the film) between two points 
on the column wall; it was sug- 
gested that the region of wave 
flow be termed pseudostreamline. 
The method of reference 10 used 
the pressure drop of a moving air 
phase in contact with the liquid 
film to determine surface veloci- 
ties. The latter method is inap- 
plicable at low liquid flow rates 
because of the small effect of the 
film on the air core and the former 
method is inapplicable at high flow 
rates because of diffusion and 
errors in timing. Agreement is evi- 
dent where the two methods over- 
lap. 

Figure 10 shows a region where 
true viscous behavior is followed, 
a transition region where the 
velocity ratio continually increases, 
and finally a region where the ratio 
becomes stabilized but shows a 
small decrease as the limit for 
viscous flow is approached. The 
best line for the transition region 
intersects the line for viscous flow 
at a value of F = 1.3. It was re- 
ported(6) that more rapid dif- 
fusion of the dye was observed in 
the region where waves were pres- 
ent, which would result in errors 
of timing. The departure of ap- 
parent surface velocities from nor- 
mal would appear to occur at 


Froude numbers approximating 
unity. 
Data for Wave Inception. The 


Froude numbers for wave incep- 
tion were calculated for four of 
the systems studied and for data 
reported by Fallah, Hunter, and 
Nash(5), Grimley(8), and Kirk- 
bride(12). Results are given in 
Table 3, where it may be observed 
that the Froude number for wave 
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formation centers on unity. The 
data for the two liquid-liquid sys- 
tems are of particular interest be- 
cause of the very low apparent 
density of the wall film. The points 
given correspond to the first de- 
parture from viscous flow and were 
interpreted by the authors as the 
beginning of turbulence. The waves 
were quite pronounced, which may, 
in fact, lead to a condition of 
turbulence. 


PROBABLE FLOW PATTERN 
IN WAVE FLOW 


The flow pattern assumed by the 
liquid in the pseudostreamline re- 
gion must explain a contradictory 
type of behavior. Except for the 
more viscous liquids, the film thick- 
ness is that for streamline flow; 
yet the apparent surface velocity 
is higher than normal. Further, 
there is the evidence cited for a 
mixing action in mass and heat 
transfer processes. Quantitative 
data have been given(16) for the 
same system in a wetted-wall col- 
umn where the gas-film resistance 
was 90 to 100% of the total, com- 
pared with a packed tower, where 
it was only 50%. Visual observa- 
tions(6) by means of a dye tech- 
nique showed that the color thinned 
out more rapidly with waves 
present. 

A qualitative explanation for 
flow with waves is probably some- 
what as follows. Waves appear 
when the Froude number exceeds 
unity. The wave peak attains such 
a great height that it becomes a 
localized point of turbulence. The 


wave, which moves downward with 

a velocity greater than that of the 
laminar film because of the greater 
thickness, causes a disturbance in 
the film, which returns to laminar 
flow when the wave has passed. 
The film never becomes completely 
turbulent because the laminar sub- 
layer has appreciable thickness. In 
Figure 11 the wave crest is likened 
to a rod rolling over a surface 
covered with a thin layer of liquid. 
In support of this picture it must be 
shown that (1) the wave crest can 
be in turbulent flow as the criterion 
is usually applied, (2) the laminar 
sublayer is relatively thick, and (3) 
wave volume is small compared 
with the bulk of the film for liquids 
of low viscosity but becomes 
greater as the viscosity increases. 
Some evidence can be cited. 

The data of Kirkbride(12) show 
that at an average Reynolds num- 
ber of 640 for the film, the Rey- 
nolds number based on the wave 
height would be 8,800, a maximum 
height for the liquid observed. 
Reynolds numbers for other flow 
conditions can be judged by the 
equation 


/ 

3 1/3 
where the Reynolds number varies 
as the cube of the thickness. It is 
usually accepted that the beginning 
of turbulence in films corresponds 
to Reynolds numbers of 1,000 to 

2:000 

Even though the bulk of a stream 
may be in turbulent flow, the por- 
tion near a solid boundary remains 


TABLE 3.—FROUDE NUMBER FOR WAVE INCEPTION CALCULATED FROM THE 
DATA OF SEVERAL INVESTIGATORS 


Properties of wall liquid 


Investigator System* 


2-propanol-air............ 
62.0% glycerol-air........ 
70.4% glycerol-air........ 
(8) Glycerol A-air............ 
Glycerol B-air............ 
38.7% Ethanol-air........ 
92% Ethanol-air ........ 
62% Ethanol-air.......... 
Carbontetrachloride-air ... 


This paper 


(8) 


*Wall liquid given first 
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Froude 
number for 
Ms Pa wave 
centipoises g./cu.cm. inception 

0.894 0.997 1.12 (avg.) 

2.02 0.782 0.92 (avg.) 
10.15 1.23 (avg.) 
18.64 1.179 1.06 (avg.) 
26.4 1.203 0.82 
2A 1.184 0.87 

2.84 0.942 0.87 

1.52 0.817 0.90 

2.60 0.891 1.01 

2.62 1.6 0.74 

0.70 0.874 

1.0 1.44 
17.6 0.88 0.70 

1.95 0.82 1.08 

Vt 0.128 0.83 

1.31 0.183 1.29 
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in laminar motion(14). Discrepan- 
cies have been shown to exist in 
the generalized velocity-distance 
relationships as first proposed (15), 
but these may be used to illustrate 
the nature of the laminar sublayer 
in a semiqualitative manner. As 
pointed out by Colburn(2) there 
exists a value of the Reynolds num- 
ber below which the flow will be 
all viscous. For higher flow rates 
the laminar sublayer has a mini- 
mum thickness corresponding to 
this limiting condition, and the re- 
maining portion of the film need 
not necessarily be all viscous. In 
the presence of an external force 
acting on the film (in this case the 
weight of the turbulent wave) the 
limiting Reynolds number was cal- 
culated to be 270. Reference to 
Figure 11A and an example will 
make this clear. 

For water flowing as a film down 
a vertical tube at an average Rey- 
nolds number of 640 (room tem- 
perature) the undisturbed thick- 
ness a@ would be 0.012 in., the sub- 
layer b would be 0.009 in., and the 
height of the wave crest c¢ from 
Kirkbride’s data would be 0.029 in. 
These figures, though only approxi- 
mate, serve to show that the dis- 
turbance caused by the passing 
wave is smaller than might be ex- 
pected. 

The laminar sublayer is probably 
not strictly viscous in all respects. 
Lin(13) has pointed out that dis- 
turbances in the transition zone 
(between turbulent and laminar 
layers) may propagate sidewise 
into the laminar layer and that a 
small mixing action may result. 
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No accurate data are available 
for wave volume but a simple as- 
sumption permits an estimate of 
the relative volume of wave and 
film. If the wave volume is assumed 
to be equal to that of a cylinder of 
diameter equal to wave height, and 
if wave spacings of 1 1/4 in. for 
water and 1 1/2 in. for the more 
viscous liquids at low flow rates are 
assumed, the ratio of film volume 
to wave volume for water would 
be 62, but only about 5 for the 
more viscous glycerol solutions. As 
the flow rate increases, the ratio 
decreases for either case but would 
be more pronounced with the vis- 
cous liquids, as observed experi- 
mentally. 

A quantitative explanation of 
the flow behavior requires data on 
wave velocity, profile, and spacing, 
which may be obtained by a re- 
cently developed technique(4). The 
complexity of the problem is indi- 
cated by the highly irregular and 
changing character of the waves 
(references 4 and 8 show some ex- 
cellent photographs) and the ulti- 
mate solution may require a sta- 
tistical treatment. It is possible 
that the flow pattern of falling 
films in the turbulent region may 
also involve wave flow and that 
basic information for the viscous 
region can be applied in describing 
flow in the turbulent zone. 


APPLICATIONS 


The increase of surface velocity 
for the wave-flow region arises be- 
cause of the increased velocity of 
the waves. The weight of the wave 
exerts a force on the boundary of 
the laminar sublayer and causes 
the normal parabolic velocity gradi- 
ent [Equation (5) | to become more 
nearly linear. Thus the local veloc- 
ity of fluid in the laminar sublayer 
is greater than normal and the 
velocity of the wave must be de- 
termined to some extent by the 
velocity at the boundary. The ratio 
of surface velocity to average film 
velocity is 1.5 for the parabolic 
gradient but 2.0 for a linear gradi- 
ent and Figure 10 shows the ratio 
for the pseudostreamline region to 
be about 2.0. However, the assump- 
tion of a linear gradient for the 
bulk of the film is inconsistent with 
the observed thicknesses, and the 
surface velocities observed are only 
apparent and represent an average 
effect of wave flow and surface 
roughness. It is also possible that 
the interfacial area exposed with 
wave flow is significantly greater 
than for undisturbed laminar flow 


(4). 
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A useful form for the Froude 
number may be obtained by substi- 
tuting the value of V from Equa- 
tion (7) in Equation (21) and 
eliminating m by Equation (4): 


1/2 
Pa | (23) 
3u 


With the condition imposed that at 
wave inception F = 1, the flow rate 
at which waves appear depends 
only on the kinematic viscosity, or 
Q(for wave inception) = 3(y/9,) 
Thus waves will form at low rates 
for low viscosity liquids, but higher 
rates are necessary to establish 
wave flow as the viscosity increases. 
This behavior was observed for the 
liquids employed. For liquid-liquid 
systems, where the ratio of (y/0,) 
is large, waves will appear in the 
wall liquid at a flow rate greater 
than that for a _ corresponding 
liquid-gas system. Nevertheless, 
the point of wave inception for 
liquid-liquid systems probably lies 
well within the usual operating 
range. 

The Froude number is used as a 
criterion for vortex formation in 
mixing problems(19) and as a 
means of predicting particulate or 
aggregative fluidization in fluid- 
solid systems(23). It thus becomes 
an additional parameter in the fluid 
mechanics of processes important 
to the field of chemical engineering. 

In correlating mass transfer co- 
efficients with fluid properties for 
two phase systems, the effect of 
each phase on the fluid mechanics 
of the other must be considered. 
For instance, in liquid-gas systems 
the Reynolds number of the gas 
phase must be that relative to the 
liquid surface, and the velocity of 
the gas stream calculated from the 
mass rate of flow must be increased 
(if countercurrent) by an amount 
equal to the liquid surface velocity. 
This correction can amount to 25% 
or more for rectification(9) and 
for air-water(10). Figure 10 may 
be used to determine the apparent 
surface velocities of low-viscosity 
liquids in the pseudostreamline re- 
gion and as a first approximation 
for more viscous liquids. It is pos- 
sible that the behavior shown in 
Figure 10 is not typical for high- 
viscosity liquids or liquid-liquid 
systems or for the case where the 
force, F'3, at the interface is not 
negligible. 

The behavior pattern of liquid 
films where the drag force at the 
interface is not negligible wouid 
depend on the magnitude and di- 
rection of this force. For counter- 
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current flow (see Figure 9) the 
average liquid rate would be de- 
creased; for cocurrent flow the 
drag force and gravity would act 
in the same direction, thus speed- 
ing the flow of the wall liquid. The 
point of wave formation and the 
velocity gradient in the film would 
be influenced. The presence of a 
finite force, no matter how small, 
can easily be demonstrated by blow- 
ing smoke across the top of a col- 
umn of liquid which exposes a free 
surface. A portion of the smoke 
is rapidly transported to the bot- 
tom of the column. Data have been 
presented (10) which show that the 
drag force can be neglected for 
moderate gas velocities. The magni- 
tude of the force can be calculated 
from the pressure drop if this is 
known and if the geometry of the 
flow channel is simple. Colburn (2) 
has described the unusual behavior 
of the liquid film for a system 
where the vapor is moving at very 
high velocities. 

In translating the behavior of 
films in the pseudostreamline re- 
gion to the flow of liquids in packed 
columns it should be pointed out 
that the free fall necessary to es- 
tablish wave flow may not occur 
in this type of equipment because 
of the discontinuous flow path. It 
was shown earlier that waves did 
not appear for some distance below 
the inlet for a wetted-wall column. 
The absence of wave flow in a 
packed column, or the extent to 
which it does occur, should be veri- 
fied. It was observed(9) for rectifi- 
cation in a wetted-wall column that 
discontinuities in the height of a 
transfer unit occurred in the upper 
part of the column, indicating that 
some liquid-film resistance was 
present where wave flow was not 
established. Peck and Wagner (16) 
showed that liquid-film resistances 
were small for a wetted-wall col- 
umn but comprised half the total 
resistance for packed columns. 

Industrial process equipment 
could be designed to take advan- 
tage of the low liquid side resist- 
ances of falling films in the pseudo- 
streamline and turbulent regions. 
The use of a bank of vertical 
wetted-wall tubes was reported to 
be unsatisfactory because of in- 
adequate liquid distribution, but it 
is conceivable that a series of verti- 
cal plates, each with an independent 
supply of liquid, would provide a 
large surface area and would per- 
mit large quantities of liquid and 
gas to be brought into contact. 
Such a system would be particu- 
larly attractive for gas-absorption 
systems because of the low pres- 
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sure loss in the gas phase. The use 
of a falling film inside a vertical 
tube with an external supply of 
heat has been used for a stripping 
operation. A new technique in gas- 
separation processes, “sweep dif- 
fusion” (1), provides a recent ap- 
plication of the use of liquid film 
for component separation. 


SUMMARY AND CONCLUSIONS 

Equipment and a method are de- 
scribed for the measurement of 
thickness of liquid films by the use 
of a radioactive tracer dissolved in 
the liquid. The method has a pre- 
cision of 0.0005 in. and could be 
applied for the further study of 
liquid films in gas-liquid or liquid- 
liquid systems. Six liquids with 
viscosities ranging from 0.5 to 20 
centipoises were observed in flow 
down the inner wall of a vertical 
tube. 

Wave motion appears at low flow 
rates well within the viscous re- 
gion, which results in departure 
from true viscous flow. The waves 
are shown to appear when the 
Froude number exceeds unity. 
Liquids having a viscosity less than 
that of water exhibit the film thick- 
nesses expected for true viscous 
flow even though waves are present. 
Liquids with a viscosity greater 
than that of water show film thick- 
nesses less than for viscous flow. 
The departure from normal be- 
havior increases with increasing 
viscosity. Surface tension is not a 
factor in either wave inception or 
flow behavior with waves present. 

Equations for the tiow of viscous 
films inside tubes (without waves) 
are derived and would be required 
for small-diameter tubes or very 
viscous liquids. In many situations, 
particularly those involving low- 
viscosity liquids, the less complex 
equations for flow down a flat plate 
may be used. 

A qualitative theory is proposed 
which accounts for the presence of 
a pronounced mixing action even 
though the basic flow is essentially 
streamline. The waves attain a con- 
dition at low average flow rates 
where turbulence can begin locally. 
The bulk of the film and the sub- 
layer beneath the wave remain in 
streamline flow. The turbulent 
wave moves downward at a veloc- 
ity greater than that of the film 
and creates a disturbance and mix- 
ing action in passing. The ratio of 
wave volume to film volume is small 
except in the case of liquids more 
viscous than water. 
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NOTATION 


A, A’=activity of a sample of 
liquid as analyzed and as cor- 
rected to a given date, counts 
/sec. 

A,, A, = activity of liquid film on 
vertical-tube apparatus as ob- 
served and as corrected for 
absorption and sample activi- 
ity, counts/sec. 

C=constant relating corrected 
activity to film thickness, ft./ 
(counts/sec.) 

F=Froude number, dimension- 
less, equal to V/(g,m)+ for a 
liquid film 

F,, Fs, F,=forces acting on an 
isolated portion of film, lb. 
force 

9, = dimensional constant, 4.170 * 
108, (lb. mass) (ft.)/ (lb. 
force) (hr.?) 

h = height of column section, also 
spacing between successive 
waves, ft. 

m = film thickness, ft. 

AP = pressure drop over height h 
of column, lb. force/sq.ft. 

P,, P, = absorption and concentra- 
tion factors, defined in the 
text 

Q = volumetric rate of liquid flow 
per unit of wetted periphery, 
cu.ft./ (ft.) (hr.) 

r,7;=Yradius from center of tube 
to point within film and to 
the inner surface of the film, 

R=radius of tube and outer 
boundary of film, ft. 

Re = Reynolds number = 4Q*,/p. 
for a liquid film 
t=time of radioactive 

days 

v,V,V,= point, average, and sur- 
face velocity, ft./hr. 

x = distance from wall to point 
within film, ft. 

i = constant for radioactive decay, 
days7! 

v. = liquid viscosity, lb. mass/ (ft.) 
(hr.) unless given otherwise 

0, = apparent film density, equal to 
liquid density minus fluid 
density of core (the latter is 
negligible for a gas core), 
lb. mass/cu.ft. unless given 
otherwise 


decay, 
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VAPOR-LIQUID EQUILIBRIUM RELATIONS 
PREDICTED BY THERMODYNAMIC 
EXAMINATION OF ACTIVITY COEFFICIENTS 


ALBERT H. WEHE and JESSE COATES 


Louisiana State University, Baton Rouge, Louisiana 


Data on vapor-liquid equilibria 
are of considerable importance 
from a theoretical point of view 
and from the standpoint of in- 
dustry. For ideal solutions these 
data can be readily calculated, but 
unfortunately most solutions are 
nonideal in behavior. Although 
many data are available on non- 
ideal solutions, there is no way, in 
the absence of experimental data, 
at present to predict quantitatively 
the deviations from nonideality. 

It is possible to define thermo- 
dynamically certain functions, such 
as activity coefficients, which meas- 
ure the degree of departure from 
ideality. The ideal situation would 
be one in which these activity co- 
efficients could be predicted from 
properties of the pure components 
of the solution. Such a prediction, 
however, would have to be con- 
sistent with rigorous thermody- 
namic relations. The most promis- 
ing concentration range in which 
to work, if the activity coefficients 
are to be related to the properties 
of pure compounds, is the dilute 
region. In this study most atten- 
tion has been paid to collection of 
data and to thermodynamic analy- 
sis in this region. Work is de- 
scribed which, it is felt, contributes 
to the solution of the problem of 
prediction of activity coefficients, 
and the way is pointed for future 
work. 

A discussion of the fundamental 
concept of activity coefficients and 
other thermodynamic quantities 
will be helpful in making this 
analysis. Also, an understanding 
of activity coefficients at infinite 
dilution will be important in de- 
veloping a method of correlation 
of these coefficients for binary sys- 
tems. 


FUGACITY, ACTIVITY, 
ACTIVITY COEFFICIENT 


Activity is defined as the ratio 
of the fugacity of a component in 
a given state to the fugacity of the 
pure component in some arbitrarily 
chosen standard state at the same 
temperature JT. The given state 
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may be taken as the component in 
solution, and the standard state as 
the pure component at the tempera- 
ture and pressure of the solution. 
Thus the activity expresses the 
variation of fugacity with compo- 
sition and for nonideal solutions 
shows the deviation from ideality. 
This deviation is more clearly ex- 
pressed by activity coefficients, the 
ratio of the activity of one com- 
ponent to the mole fraction of that 
component in solution. For ideal 
solutions this ratio equals unity. 
In nonideal solutions the ratio be- 
comes some value other than unity, 
expressing the deviation from 
ideality. 

For liquid solutions the activity 
coefficient may be expressed by 


(1) 


(f°) L 


where subscript L designates the 
liquid state, x; = mole fraction of 
component 1 in the liquid, and 
(f1°), = fugacity of pure com- 
ponent 1 as a liquid at the tempera- 
ture and pressure of the solution. 
at low pressures 


(2) 


where P,*=vapor pressure of 
pure component 1 at the tempera- 
ture of the solution. 

At equilibrium, assuming fu- 
gacity rule holds for the vapors, 


(fdr 


where subscript V designates the 
vapor state, y, = mole fraction of 
component 1 in the vapor, and 
(f1°)y =fugacity of pure com- 
ponent 1 as a vapor at the tem- 
perature and pressure of the solu- 
tion. 

At low pressures and temperatures, 
such that the fugacity coefficient 
equals unity, 


(4) 


A.LCh.E. Journal 


and 
(fi)y = yt = (5) 


where ~=total pressure on the 
system and p, = partial pressure of 
component 1 in the vapor. 

Under these conditions Equation 
(1) reduces to 


V1 V1 P, 
The ratio y/x is the equilibrium 
vaporization constant, K, and an 
expression for this constant may 
be derived in terms of activity co- 
efficients. 
* 

Yi > 

T1 


(7) 


For high pressures the relation- 
ship becomes 

Equation (8) is the more exact ex- 
pression, although Equation (7) 
may be used where the ideal-gas 
law and the fugacity rule for the 
gas phase are applicable. For ideal 
solutions, that is, when the activity 
coefficient is unity, the equilibrium 
constant becomes equal to the ratio 
of the fugacity of the pure com- 
ponent in the liquids to that in the 
vapor. 


V1 


(8) 


* 
K,* = (9) 
(fi’)*v 
where the superscript* designates 
the ideal-solution condition. 

For a given nonideal solution 
there are two equilibrium vaporiza- 
tion constants which may be evalu- 
ated: one for the nonideal system 
and one for the same system con- 
sidered as an ideal system. The 
symbol K* will indicate the ideal- 
equilibrium vaporization constant. 
An expression for activity coeffi- 
cient may now be written in terms 
of K and K*. 


K,/K;* (10) 
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For nonideal solutions 


= (fi)z/m (11) 


For ideal solutions 


= (12) 


Combining Equations (8) through 
(12) gives 


Ki (fit /(f)v 
(fi) 1/(f’) v 


At very low concentrations such 
that the boiling point of the non- 
ideal solution approaches that of 
the ideal solution 


= (fr’)*v (14) 


Equation (13) now becomes 


= = (15) 


Ki (fiz 


If the temperature and pressure 
are so low that the fugacity co- 
efficients are equal to unity, Equa- 
tion (15) may be written as 


(16) 
Ki P; 

where P,; =p,/x, = “nonideal” va- 
por pressure of pure component 1. 
P,* = “ideal” vapor pressure of 
pure component 1, or the actual 
vapor pressure of pure component 
1 at the temperature of the solu- 
tion. 
The assumptions involved in Equa- 
tion (16) restated are (1) that the 
temperature and pressure of the 
solution are so low that the fuga- 
city coefficients are substantially 
equal to unity, (2) that the con- 
centrations of the solution are so 
dilute that the differences in boil- 
ing points of the ideal and non- 
ideal solutions are negligible, and 
(3) that the total pressures of the 
solutions are equal. Similar ex- 
pressions may be written for com- 
ponent 2 expressing the nonideal 
vapor pressure of this component. 
These nonic«al vapor pressures will 
be useful in correlating the activity 
coefficients at infinite dilution for 
different systems. 


ACTIVITY COEFFICIENTS AT 
INFINITE DiLUTION 


Carlson and Colburn(4) suggest 
a method for finding the deviations 
from Raoult’s law for systems com- 
posed of a member of a homologous 
series of compounds and another 
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compound. This method is based 
on equations derived by Scatchard 
(12) for systems in which the 
change of entropy on mixing is 
the same as that for an ideal mix- 
ture. This assumption is not justi- 
fied in many cases of nonideal solu- 
tions. 

Another method of handling the 
activity coefficients of the com- 
ponents in dilute solution has been 
to relate them to the constants in 
equations such as the van Laar 
equations given by Carlson and 
Colburn in the following forms: 


log y1 = (17) 

log y2 = Bas’ (18) 


Since A is the terminal value of 
log y;, where xg= 0, and B is the 
terminal value of log yo, where %_ = 
0, it has been suggested that these 
constants be obtained by plotting 
the logarithm of the activity co- 
efficient against the mole fraction 
and extrapolating the curves to 
zero concentration. These extrapo- 
lations, however, are of very un- 
certain accuracy. Also, the van 
Laar equations are restricted to 
constant temperature, and this ex- 
trapolation is usually made from 
data obtained at constant pressure. 
The van Laar and other two-con- 
stant equations are frequently used 
for correlating vapor-liquid equilib- 
rium data for nonideal solutions. 
The equations involve certain as- 
sumptions, and generally when one 
equation fails, the other two-con- 
stant equations fail. 

Butler and Harrower(3) have 
considered the quantity p/x, which 
is called the nonideal vapor pressure 
in this work, and its variation in 
systems of homologous series of 
compounds and another type of 
compound. The free energies of 
solution from the vapor, RT ln p/a, 
at a constant temperature have been 
related to the number of carbon 
atoms in compounds of the homol- 
ogous series, even though the solu- 
tions showed large deviations from 
ideality. These free energies of 
solution were found to change 
regularly as the number of carbon 
atoms in the molecule was in- 
creased or decreased in the cases 
studied, specifically alcohols and 
alkyl halides in benzene, carbon 
tetrachloride, and cyclohexane. Use 
of the nonideal vapor pressure in 
the present work avoids an anomaly 
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of the quantity p/w, tending to be- 
come indeterminate as the solution 
becomes very dilute, that is, as a 
approaches zero. 

An understanding of the signifi- 
cance of activity coefficients at in- 
finite dilution requires a recogni- 
tion of certain facts concerning the 
familiar w-y diagram. It follows, 
from Equation (8), that at x,=0 


| J271=0 (£1), =0 


(1), =0 (19) 


Necessarily, (f1°); and (f,°)p are 
evaluated at the temperature and 
pressure conditions existing at x, = 
0, that is, the boiling point and 
pressure of component 2. Similarly, 
for component 2, at x. =0 


(20) 


Here (f2°), and (f2°)y are the 
fugacities of component 2 evaluated 
at the boiling point and pressure 
of component 1. If the system were 
acting ideally, the activity coeffi- 
cients would be unity and the 
slopes at infinite dilution of the 
ideal system would be 


* * 
/ ets), 


If Equation (19) is divided by 
Equation (21), a relationship is 
obtained which expresses the activ- 
ity coefficient at infinite dilution. 
This points out the fact that the 
nonideality of a system is indi- 
cated by the deviation of the slope 
of the z-y diagram at infinite dilu- 
tion from the slope for the same 
system acting ideally. 

At low pressures and tempera- 
tures, (f1°); becomes P,* and 
(f1°) becomes x. The slopes at 
infinite dilution of the x-y diagram 
for the nonideal system and for 
the ideal system become 
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TABLE 1.—TYPICAL EXPERIMENTAL RESULTS, VAPOR-LIQUID EQUILIBRIUM DATA 


System: benzene-ethanol 


Temp., Pressure, 

°C, mm. Hg 
0.0000 0.0000 80.10 760.5 
0.0048 0.0400 78.60 760.0 
0.0085 0.0790 760.5 
0.1720 0.3560 68.90 760.0 
0.3085 0.4040 67.98 760.0 
0.4855 0.4490 67.67 760.0 
0.7545 0.5720 69.18 760.0 
0.8815 0.7030 71.86 760.0 
0.9870 0.9545 77.51 760.0 
0.9910 0.9685 77.75 760.0 
1.0000 1.0000 78.32 760.3 


Iny1 Iny2 
10.48* 1.0007 2.350* 0.00070 
8.2427 1.0128 2.10933 0.01272 
9.7542 1.0219 2.27770 0.02166 
3.0351 1.1219 1.11024 0.11502 
1.9898 1.2789 0.68803 0.24600 
1.4230 1.6051 0.35277 0.47319 
1.0956 2.4838 0.09130 0.90979 
1.0324 3.2668 0.03189 1.18381 
0.9983 —.00170 1.31171 
0.9994 3.6771 —.00060 1.30212 

1.0004 3.568* 0.00040 1.272* 


Component 1 is ethanol; *extrapolated values. 


TABLE 2.—TYPICAL EXPERIMENTAL RESULTS, VAPOR-LIQUID EQUILIBRIUM DATA 


System: benzene—n—propanol 


Temp., Pressure, 

0.0000 0.0000 80.1 759.7 
0.0270 0.0590 79.23 759.7 
0.0445 0.0870 78.68 760.0 
0.0980 0.1475 77.62 759.7 
0.2300 0.2170 77.21 760.0 
0.5015 0.3075 78.19 760.0 
0.6725 0.3900 81.10 760.3 
0.8540 0.5705 86.50 760.3 
0.9375 0.7490 91.39 761.5 
0.9560 0.8060 92.29 760.3 
0.9730 0.8640 94.11 760.3 
0.9760 0.8775 94,23 760.3 
0.9800 0.8830 94.37 760.3 
0.9885 0.9380 95.70 760.0 
1.0000 1.0000 97.20 760.0 


5.165* 0.9996 1.642* —.0004 
4.5723 0.9935 1.52002 -.0065 
4.1908 0.9849 1.43298  -.0150 
3.2813 1.0196 1.18824 0.01941 
2.1561 1.1440 0.76830 0.13453 
1.3426 1.4756 0.29461 0.38907 
1.1206 1.8059 0.11386 0.59106 
1.0285 2.4157 0.02811 0.88199 
1.0086 2.8538 0.00857 1.04865 
1.0249 3.0464 0.02459 1.11396 
1.0037 3.3003 0.00370 1.19401 
1.0114 3.3325 0.01134 1.20372 
1.0080 3.8041 0.00797 1.33608 
1.0067 3.3690 0.00668 1.21462 
1.0003 4.031* 0.00030 1.394* 


Component 1 is m-propanol; *extrapolated values. 
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Consider the conditions existing 
at the point x,=0 in a series of 
systems such as the benzene-alcohol 
series. Here the subscript 1 indi- 
cates the alcohol and 2, the benzene. 
At constant total pressure x, the 
temperature of the solution at x2. = 
0 will be the boiling point of the 
alcohol. The ideal slopes of the 2-y 
diagram of the solutions of the 
various alcohols in benzene will 
vary as the vapor pressure of ben- 
zene varies with temperature. This 
follows from Equation (24) writ- 
ten in terms of component 2. This 
variation will be a straight line on 
a log P.* vs. 1/T plot, where 
P,* is the vapor pressure of pure 
benzene and T is the absolute tem- 
perature. This suggests a method 
of correlating the nonideal slopes, 
that is, by plotting the logarithm 
of the nonideal slope vs. the re- 
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ciprocal of the absolute tempera- 
ture. This nonideal slope is pro- 
portional to the nonideal vapor 
pressure of the pure component as 
shown in Equation (238). 

At the point «,=0 the condi- 
tions at constant total pressure are 
similar to those described above 
with one important difference. The 
temperature is constant at the 
boiling point of benzene, com- 
ponent 2, and the ideal slopes for 
the different systems now vary as 
the vapor pressures of the dif- 
ferent alcohols at this constant 
temperature. The vapor pressure 
of the methanol at this tempera- 
ture is higher than that of ethanol, 
of n-propanol, and of other higher 
alcohols in the series. It is possi- 
ble to relate the ideal vapor pres- 
sures of these different compounds 
by use of the boiling points; there- 
fore, slopes can 
be related to temperature for the 
different systems. A plot of log 
P,* vs. 1/T is usually satisfactory 
and this suggests that a similar 
correlation for the nonideal vapor 
pressure and therefore, the non- 
ideal slopes, should be used. 

The net result of these correla- 
tions as presented above may be 
shown mathematically as follows: 
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log (Pi/z), (M/T) +N 
(25) 


log (Pi*/n) _ (M*/T)+N* 
(26) 


where M, N, M*, and N* are con- 
stants and T is the absolute tem- 
perature. By subtraction 


log 


(M—M*)/T + (N—N*) (27) 


Since by Equation (19) 
= /P,* 
(11), =0 (Pi) P, (28) 


log _g= (A’/T) X (29) 


Similarly, 
log (v2), _ = (A"/T) +.B” (30) 


where T= absolute temperature. 
Equations (25) and (26) permit 
estimation of (Oy,/02,)2; —»9 and 
(Oy,/Ox,)23—, for higher alco- 
hols in the series by extrapola- 
tion, provided these slopes are 
known for lower members in the 
series. From these nonideal slopes, 
activity coefficients at infinite dilu- 
tion may be calculated and used in 
equations such as those of van 
Laar for determining the vapor- 
liquid equilibria of the system. 


CALCULATION PROCEDURE 


By use of the data in Tables 1 
and 2, which were collected on 
benzene-ethanol and benzene—n- 
propanol, and those of Gautreaux 


08 ++ 


2.6 2.8 3.0 
(1/T)x10%, T in °K 


Fig. 1. NONIDEAL SLOPE OF x-y DI- 


“AGRAM vs. 1/T BENZENE ALCOHOLS. 
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(6) on benzene-methanol the x-y 2.7752 (at boiling pomt of n-butanol) perimental points collected on this P 
diagrams were constructed and the same system are also shown, and 
initial slopes Oy/Ox were deter- / the agreement is good. Bonauguri 
= 0.840/0.2189 = 3.83 
mined. These are tabulated in (1)=0 0.840/0.2189 837 et al.(2) report data, collected at : 
Table 3 and plotted in Figure 1 -_ / 2 = 3.495 740 mm., which is in general agree- 
vs. the reciprocal of the absolute (v2), =0 9.70 /2.775 — ment with these data when allow- 
temperature. A straight line re- ance for the difference in pressure | 
sulted. The lines were extended to 4 = log 0 aa log 3.837 = is made. Similar calculations were 
the benzene-butanol range and ; made on the system benzene-n- 
extrapolated values of the slopes 0.58399 amyl alcohol and good agreement a 
Oy/Ox for this system were read. was obtained between the caleu- = 
Later data were collected on the B = 10g (72) = log 3.495 = lated and experimental results. 
benzene-butanol system and com- t2=0 0 
pared with the predicted results 0.54345 
obtained by the method shown be- EXPERIMENTAL METHODS 
low. Activity coefficients over the en- The reagents used were benzene, Q 
An example of this type of calcu- tire concentration range may be ethyl alcohol, n-propyl alcohol, n-butyl] 
lation, for the benzene—n-butanol determined by substitution in the alcohol and n-amyl] alcohol. 
system, follows. The Van Laar equa- van Laar equations (4). was 0 
tions are used in this example but VOMmpany, and. 
any The following procedure permits redistillation. The fraction used in 
y from the this work had a refractive index 
activity coefficients (8). 25 of 1.4 
At T = 117.50°C. = 390.50°K. the 
1. Assume a boiling point for EU POE 
normal boiling point of n-butanol eal Tables(14). The ethanol was pur- 
1/T = 0.002560/°K. chased from U. S. Industrial Chemi- 
2. Determine P,*and P.* at cals, the n-propanol from Fisher 
- am Wi this temperature. Scientific Company. Both of these 2. 
0-840, from Figure 1 were treated with magnesium by the 
a: Calculate y by the following method of Fieser(5) to remove any 
equation: water present. The refractive index I. 
(271/21) 9 9.70, from Figure 1 Np? of the purified ethanol was 1.35- 
sc 95, compared with literature values 
(12) of 1.3594 to 1.3596; that of n- I. 
(ay1/aa1) = propanol was 1.3938, compared with 
(fv Pi + 22 Pe literature values(9) of 1.3834. 
The n-butanol and n-amyl alcohols na 
* * vy, (w—P,)/RT 4. Check the assumed tempera- were obtained from, the Fisher Scien- ‘ 
(uP, ) Pie ture by calculating P,*: tific Company. These were purified by 
(v )a = redistillation in an Oldershaw column. ‘ 
Wy ‘ The purified n-butanol had a re 7 
fractive index np2> of 1.3992, com- 
0.2189 (at boiling point of benzene) Yi 2X1 pared with a literature value(7) of 
1.3993; the purified n-amyl alcohol 0. 
' * (fe) This procedure is repeated until had a refractive index np?° of 1.4082, 
(ay1/ =0 a satisfactory check is obtained. compared witha literature value (13) 
(fe’)r The second assumption usually pro- of 1.4084. ’ 
vides an adequate check. Densities were also determined and 
V2 (w—Pe)/RT Figure 2 shows a plot which was 2004 _agreement was obtained ve 
(vP2 ) Pe e = literature values. Refractive indices 
(v prepared for the system benzene— were determined with a Bausch and 
Ts n-butanol by this procedure. Ex- Lomb precision refractometer, model 
33-45-01. 
TABLE 3.—SLOPE AT INFINITE DILUTION OF «-y DIAGRAMS FOR 
BENZENE-ALCOHOL SYSTEMS 0.8 
A * 
System (2m) (21) (v1) 
| 
Benzene-methanol.............. 1.7808 23.605 13.255 337.9 
Benzene-ethanol................ 1.0677 11.189 10.48 351.5 
Benzene-n-propanol............. 0.5008 2.587 5.165 370.4 n- Butanol 
Benzene-n-butanol.............. 0.2189 0.840 3.837 390.7 0.6 0.2 
* > 
System (21) ( n) 0.4: 
Benzene-methanol.............. 0.6099 2.9551 4.845 337.9 
Benzene-ethanol................ 0.9684 3.4552 3.568 
Benzene-n-propanol............. 1.6400 6.6108 4.031 370.4 Jr ere 
Benzene-n-butanol.............. 2.7752 9.70t 3.495 390.7 
1.0 
0.0 O02 04 O06 O08 
The values of =o were obtained by calculation from and x APP, 
Fic. 2. x-y DIAGRAM FOR BENZENE- Th 
tExtrapolated values. n-BUTANOL; PRESSURE: 760 MM. the 
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APPARATUS AND PROCEDURE 


The apparatus used in collecting 
the present data was an equilibrium 
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still designed by Jones, Schoenborn, 
and Colburn(10). The still had a 
capacity of about 65 ml. The contents 
of the still were protected at all times 
from atmospheric moisture by means 
of a silica gel drying tube. 

Copper - constantan thermocouples 
were used to measure the tempera- 
tures, with an insulated ice bath to 
maintain a constant reference tem- 
perature. A Leeds and Northrup type 
K potentiometer capable of measuring 
voltages of 0.001 mv. was used to 
measure the thermocouple e.m.f. The 
null point was indicated by a sus- 
pended-coil D’Arsonval-type galvan- 
ometer, with which a bracket 0.004 
mv. wide could be obtained around 
the correct e.m.f. reading. This is 
equivalent to a bracket of 0.09°C. 
around the correct temperature over 
the temperature range of these ex- 
periments. 

A Cartesian-type manostat was 
used to regulate the pressure in the 
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still to 760 mm. Hg and to keep 
pressure fluctuations to within +2 
mm. of water or +0.1474 mm. Hg. 
The difference between atmospheric 
pressure and the still pressure was 
indicated by a _ differential water 
manometer. The slight vacuum was 
maintained by means of an aspirator. 

Atmospheric pressure was meas- 
ured with a mercury barometer which 
could be read to the nearest 0.01 Hg 
or 0.3 mm. Hg. Thus, any tempera- 
ture fluctuations due to the varia- 
tion of pressure from 760 mm. Hg 
were small and could be assumed 
negligible. 

The condensed vapor and liquid 
samples were analyzed for composi- 
tion with a Bausch and Lomb re- 
fractometer. With this instrument 
the refractive index could be read to 
the nearest 0.0001 and estimated to 
the nearest 0.00001. The calibration 
of the instrument was checked with 
a test glass of known refractive index 
supplied with the instrument. 

The temperature of the instrument 
was held to 25°C. + 0.2° by means of 
water circulation from a constant- 
temperature water bath. Before any 
vapor-liquid equilibrium data were 
collected, the thermocouples were cali- 
brated. Charts relating the composi- 
tion to the refractive index were pre- 
pared for each system. 

The vapor-liquid equilibrium data 
were collected at a total pressure of 
760 mm. Hg and over the entire 
range of concentrations. 


EXPERIMENTAL DATA* 


The experimental results obtained 
by the present authors consist of 
vapor-liquid equilibrium data for the 
two binary systems, benzene-ethanol 
and benzene—n-propanol, shown in 
Tables 1 and 2. In addition, the re- 
sults of Gautreaux(6) on benzene- 
methanol and of Arnold(i), on ben- 
zene—n-butanol, and benzene—n-amyl 
aleohol have been included. These 
men worked on this same general 
project in the same laboratories as 
the authors. 

Activity coefficients (see Figures 3 
and 4) for component 2, which are 
thermodynamically consistent with 
activity coefficients for component 1, 
have been calculated by the Gibbs- 
Duhem equation to show the con- 
sistency of the data. Ninety-five per 
cent confidence limits, indicated by 
dashed lines in the figures, were also 
calculated for these experimental 
data. 

Benzene-methanol data are reported 
by Gautreaux(6) at 766.4 mm. Hg 
total pressure. 

Temperature measurements have 
been corrected to a total pressure of 
760.0 mm. Hg by means of approxi- 
mate relationships. These tempera- 

* Complete tables of the author’s experimental 
data and also those of Gautreaux (6) and 
Arnold (1) are on file with the Photoduplica- 
tion Service, American Documentation Institute, 
Library of Congress, Washington 25, D. C., as 


document 4561 and may be ordered for $1.25 
for microfilm or photoprints. 
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ture corrections were between 0.2 and 
0:3°C. 


DISCUSSION OF RESULTS 

The suggested method for corre- 
lation of activity coefficients has 
been applied to the benzene—n- 
butanol system, the results being 
plotted in Figure 2. It is pointed 
out that these vapor-liquid equilib- 
rium data were calculated on the 
nonideal system benzene—n-butanol 
without the aid of any experimen- 
tal data on this system. 

The results of this calculation 
are considered to be good. Refer- 
ence to Figure 2 shows that the 
greatest disagreement between the 
calculated and experimental data is 
between the liquid concentration 
ranges of 0.2 to 0.8 mole fraction. 
In this range the predicted line is 
somewhat higher than the experi- 
mental points between 0.2 and 0.5 
mole fraction and is somewhat 
lower than the experimental points 
between 0.5 and 0.8 mole fraction 
in the liquid. The difference be- 
tween the experimental and pre- 
dicted values are rather small over 
the entire range. Similar results 
were obtained when this method 
was tried on the benzene—n-amyl- 
alcohol system. 

An examination of Figure 2 
shows that the calculated and ex- 
perimental curves agree closely in 
the dilute regions, and it is there- 
fore seen that the calculated and 
experimental nonideal slopes in the 
z-y diagram at infinite dilution also 
agree closely. This is evidence that 
the proposed correlations of these 
slopes at infinite dilution is rea- 
sonably satisfactory and that the 
differences between the calculated 
and experimental curves in Figure 
2 are not caused by an inadequacy 
of the proposed correlation. 

The van Laar equations were 
used in the example presented in 
this paper. One reason for the dif- 
ference between the predicted and 
experimental data may lie in in- 
adequacies in this equation, as has 
been previously mentioned. It 
should be borne in mind that the 
present method allows the predic- 
tion of the constants in any two- 
constant equation for activity co- 
efficients and that the use of the 
van Laar equations, as such, is not 
part of the method. Another two- 
constant equation could have been 
used. If a three-constant equation 
for activity coefficients is con- 
sidered necessary, then the present 
method should be useful in the 
prediction of two of the constants. 


SUMMARY 
The concept of the nonideal vapor 
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pressure of a component in dilute 
solution has been developed and 
explained, and the relation between 
the nonideal vapor pressure and 
the slope of the y-x equilibrium 
diagram has been derived. In addi- 
tion, an equation relating the non- 
ideal vapor pressure and the boil- 
ing point of the pure component is 
presented. 

A procedure is outlined for pre- 
dicting the entire y-% diagram from 
these nonideal vapor pressures. The 
method allows data taken on sys- 
tems for which experimental re- 
sults are available to be used to 
predict those for other systems on 
which only the boiling points of 
the pure components are available. 

Vapor-liquid equilibrium data 
were collected on the systems ben- 
zene-methanol, benzene-ethanol, and 
benzene—n-propanol. These were 
used to predict the y-x diagram for 
benzene—n-butanol, and the agree- 
ment with experimental values was 
found to be good. Experimental 
data are also presented on the sys- 
tem benzene-n-butanol and _ ben- 
zene—n-pentanol (Figure 5). 
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NOTATION 
f = fugacity of component in solu- 
tion 


f° = fugacity of pure component at 
the temperature and _ total 
pressure of the solution 
y = mole fraction of component in 
the vapor 
«% = mole fraction of component in 
the liquid 
m= = total pressure 
p = partial pressure of component 
in the vapor 
y =activity coefficient of com- 
ponent in solution 
P* =vapor pressure of pure com- 
ponent at the temperature of 
the solution 
K = y/x = equilibrium vaporization 
constant of component 
P=nonideal vapor pressure of 
pure component, defined by 
Equation (16) at low pres- 
sures and concentrations 
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A, B =constants in the van Laar 
Equations (17) and (18) 
T = absolute temperature, °K. 
M, N = constants in Equation (25) 
M*,N*=constants in Equation 
(26) 
B'= constants in Equation (29) 


A”,B” =constants in Equation 
(30) 


v= fugacity coefficient—ratio of 


fugacity to pressure 


Subscripts 


V =vapor state 
L = liquid state 
1,2 =component number 
P* or x= pressure at which fuga- 
city coefficient is evaluated 


Superscripts 


* = the ideal-solution condition 
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PERFORMANCE OF PACKED 


COLUMNS 


I. Total, Static, and Operating Holdups 


H. L. Shulman, C. F. Ullrich, and N. Wells 
Clarkson College of Technology, Potsdam, New York 


Total and static holdups have been measured for ¥2-, and 1-in. ceramic Berl 
saddles, ¥2-, 1-, and 1'2-in. ceramic Raschig rings, and 1-in. carbon Raschig rings 
with air rates from 100 to 1,000 Ib./(hr.) (sq. ft.) and water rates from 1,000 
to 10,000 Ib./(hr.) (sq. ft.). 

The holdup measurements and motion picture observations of the flow of dye 
solutions through packings provide an explanation for the great differences observed 
when gas-phase mass transfer rates are measured by absorption and vaporization 
methods. If the effective interfacial area for vaporization is assumed to be pro- 
portional to total holdup and the area for absorption is assumed proportional to 
operating holdup, the ratio of the two mass transfer rates should be equal to the 
ratio of the two holdups. 

The departure from equality of the two ratios can be explained by the observation 
that the static holdup is displaced slowly, resulting in additional effective area for 


absorption over that expected from the operating holdup alone. 


In recent years investigations of 
mass, heat, and momentum trans- 
fer in fluid-soild systems have in- 
dicated that the free space, or void 
fraction, <, is an important variable 
in the correlation of data(1, 4, 5, 
6,10,12). To apply these findings 
to an analysis of more complex 
systems such as those occurring in 
packed absorption and distillation 


’ columns, one must know the total 


liquid holdup to determine the void 
fraction available for gas flow un- 
der operating conditions. A knowl- 
edge of liquid holdups is also of 
interest in the study of batch dis- 
tillation and effective interfacial 
areas for diffusional operations em- 
ploying packed columns. 

Three different types of liquid 
holdup have been discussed in the 


Additional tabular material may be obtained 
from the Photoduplication Service, American 
ocumentation Institute, Library of Congress, 
Washington 25, D.C., as document 4565 for 
$1.25 for microfilm or photoprints. 
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literature(8, 71). The total holdup, 
h,, defined as the total liquid in the 
packing under operating conditions, 
is expressed as cubic feet of liquid 
per cubic foot of packing. The 
static holdup, h,, as used in this 
work is defined as the liquid in the 
packing which does not drain from 
the packing when the liquid supply 
to the column is discontinued and 
is also expressed as cubic feet of 
liquid per cubic foot of packing. 
The operating holdup, h,, defined 
as the difference between the total 
and static holdups, represents the 
liquid which will drain from the 
packing and is also a measure of 
the liquid flowing through the pack- 
ing when the column is in opera- 
tion. The relation between the three 
holdups is given by 


hi = hs + ho. (1) 
Several investigators (2, 9, 13, 15, 
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19,22) have measured or estimated 
liquid holdups, and two extensive 
studies have been reported by 
Elgin and coworkers(3,11). Un- 
fortunately the previous investi- 
gations have dealt with operating 
holdups almost exclusively and no 
investigation has been reported of 
the three types of liquid holdup in 
packings for which extensive mass 
transfer data are available, namely, 
Raschig rings and Berl saddles. 
The object of the present work 
is the determination of the three 
types of liquid holdup for 0.5-, 1.0-, 
and 1.5-in. unglazed white porcelain 
Raschig rings, 0.5-, and 1.0-in. un- 
glazed white porcelain Berl sad- 
dles, and 1.0-in. carbon Raschig 
rings. These data will be used to 
explain the differences observed in 
gas-phase mass transfer rates when 
vaporization and absorption tech- 
niques are used. In Part II of this 
paper the data will be applied to 


Page 247 


_| 

5) 

: 

on 

ni- 

G. 

fi- 

er, 
71 

ol- 

81 

in 

C. 

si- 

nd 

ib- 

nd 

mn, 

ns, 

lli- 

)r- 

ley 

rn, 

ng. 

[c- 

er, | 

05 

ni- 

nic 

ng 
nal 

| 

ting 

55 


TABLE 1.—CHARACTERISTICS OF PACKING USED FoR HOLDUP MEASUREMENTS 


Type Raschig rings Berl saddles Raschig rings 
Manufacturer (U. S. Stoneware Co.) (Maurice A. Knight Co.) (National — Co.) 
Material Unglazed white porcelain Unglazed white porcelain Car 
SPECINC GLY 2.38 2.41 2.36 2.36 2.44 1.57 
Suriace area, sa: ft./cw. 116 58.5 40.9 133 62.6 62.7 
Surface area/piece, sq. ft.. ....... 0.01063 0.0427 0.0952 0.00888 0.0346 0.0427 
Diameter of equivalent sphere, ft.. 0.0582 0.1167 0.1740 0.0532 0.1050 0.1167 
the problem of separating the volu- and DeGouff(18) except for minor packing, consisted of eight arms ex- 


metric mass transfer coefficients 
(kga and k,a) into their com- 
ponents, the effective interfacial 
area, a, and the mass transfer 
coefficients, k, and k;. 


EQUIPMENT 


The equipment used for these 
studies, shown schematically in Fig- 
ure 1, is the same as that described in 
detail in a recent paper by Shulman 


WATER 


|_| 


TANK 


Fic. 1. SCHEMATIC DIAGRAM OF 
APPARATUS. 
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Fic. 2. ToTAL HOLDUP vs. TIME AT 
L = 3,500 For 1.0-IN. BERL SADDLES. 
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modifications, which will be discussed. 
A water tank and pump were in- 
stalled to permit adjustment of water 
temperature and recycling of water. 
Two calibrated rotameters were in- 
stalled to replace the orifice meters 
previously used to meter the air. The 
10-in.-diam. by 36-in. packed glass col- 
umn was arranged so that it might be 
weighed with its contents while in 
operation. This was done by sup- 
porting the column by means of four 
0.25-in. steel rods connected at the 
top by a yoke and at the bottom by 
a steel ring on which the glass col- 
umn and the four legs of the packing 
support plate rested. In operation the 
glass column was suspended in air 
except for a few inches at the bot- 
tom which were immersed in a water 
seal. The column and its contents 
were counterbalanced by weights on 
a pan connected to the yoke at the 
top of the column by the lever arm 
and knife edges obtained from a 
platform scale. The pan of weights 
rested in turn on the pan of a 20-kg.- 
capacity platform scale which could 
be read to within 1 g. The weighing 
system was capable of detecting a 
change in weight of the column of 
as little as 3 g., and it was therefore 
possible to determine holdups_ to 
within 1% under the poorest con- 
ditions, i.e., static-holdup determina- 
tions of the larger packings. The 
column was open at tne top to the 
atmosphere, and so a draft gauge 
employed for reading the pressure at 
the base of the column measured the 
pressure drop across the packing. 
The weighings were corrected for 
the buoyancy effect of the portion of 
the column in the water seal and for 
the upward thrust due to the pres- 
sure drop across the column, which 
was operated at all times with 28 
in. of packing using water at 19° to 
25°C. and saturated air of approxi- 
mately the same temperature to pre- 
vent vaporization of water. 

The water distributor, which was 
supported independently of the col- 
umn approximately 1/2 in. above the 


tending radially from a special fitting 
and was 9 in. in diameter. It had a 
total of 160 0.1-in. holes evenly spaced 
in three rows on four alternate arms 
and in a single row on the remaining 
arms. Several holes were plugged with 
solder as the result of tests made to 
ensure uniform distribution of liquid 
for the liquid rates employed. 


PROCEDURE 
Preliminary tests made possible 
the establishment of a procedure 


which gave reproducible data even 
when the column was emptied and 
repacked. When the column was 
packed with dry packing and the 
water rate was set at a fixed value, 
the total holdup was found to in- 
crease with time until a constant 
equilibrium value was reached. The 
same equilibrium value could be 
reached in a much shorter time by 
supplying water at a very high rate 
for a short time, to wet the packing 
thoroughly, and then running at the 
desired rate. Figure 2 shows the total 
holdup for 1.0-in. Berl saddles as a 
function of time when the two meth- 
ods are employed. The effect of time 
is even more noticeable with the 
smaller packings, which have greater 
holdups. The buildup with time is 
believed to be due to the gradual 
accumulation of water in pockets at 
points of contact, inside rings, or on 
portions of the surface which are not 
continually covered by flowing liquid. 
The splashing of liquid as it falls 
from one piece of packing to another 
and the random motion of the mov- 
ing liquid over the surface of the 
packing not only causes this gradual 
accumulation, until an equilibrium 
value is reached, but also results in 
a slow turnover of the liquid in what 
might otherwise be stagnant pockets. 
Observations based upon motion pic- 
ture studies of the flow of dye solu- 
tions in packings will be discussed 
later in connection with the interpre- 
tation of mass transfer data. 

The total holdup was found to vary 
with the density of the packed bed 


TABLE 2.—VARIATION OF HOLDUP WITH PACKING DENSITY 


Packing: 1.0-in. porcelain Raschig rings 


Liquid rate, Ib./(hr.) (sq. ft.) 3,500 3,500 3,500 3,500 3,500 3,500 
Gas rate, Ib./(hr.) (sq. ft.) 0 ) 300 300 600 600 
Void fraction, dry 0.726 0.709 0.726 0.709 0.726 0.709 
Pieces/cu. ft., N 1,370 1,460 1,370 1,460 1,370 1,460 
h,, cu. ft./eu tt. 0.0539 0.0567 0.0543 0.0574 0.0592 0.0724 
(h,/N) X 108 3.94 3.88 3.96 3.93 4.32 4.96 
A.I.Ch.E. Journal June, 1955 
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when the column was repacked sev- 
eral times with the same packing. 
For this reason the holdups reported 
apply only to packing with the char- 
acteristics listed in Table 1. The 
data in Table 2 show that the total 
holdups are approximately propor- 
tional to the number of pieces of 
packing per cubic foot for a given 
packing. This observation provides 
the simplest correction for packing 
densities other than those listed in 
Table 1. 

To determine the static holdup, h,, 
the water supply was cut off after 
equilibrium conditions were reached, 
the column was permitted to drain, 
and a record of column weight vs. 
time was made. Figure 3 illustrates 
several drainage curves. It will he 
noticed that different packings re- 
quire different lengths of time to 
drain to fairly constant weight. 

On the basis of these preliminary 
tests the following procedure was 
adopted to ensure obtaining repro- 
ducible data. The air was saturated 
and cooled to the temperature of the 
water in the tank. The weight of the 
column and the dry packing was ob- 
tained and the packing was thorough- 
ly wetted by setting the water rate 
up to over 10,000 lb./ (hr.) (sq.ft.) for 
a minimum of 1 hr. The water rate 
was then decreased to the rate to be in- 
vestigated and the air rate was set at 
100 Ib./ (hr.) (sq.ft.) When the plat- 
form scale indicated constant weight 
for more than 3 min. the readings of 
weight, pressure drop, and tempera- 
ture were taken and the air rate was 
increased to the next higher value. 
For each packing a series of runs was 
made in this fashion at constant liquid 
rates with increasing gas rates, The 
highest liquid rate, 10,000 Ib./(hr.) 
(sq.ft.), was used first, and the gas 
rate was increased up to 1,000 lb./ 
(hr.) (sq.ft.) or the flooding point, 
whichever was reached first. The 
lowest liquid rate employed was 1,000 
lb./ (hr.) (sq.ft.) because it was felt 
that good liquid distribution could 
not be ensured at lower rates. 

For the static holdup tests a simi- 
lar procedure was followed, but the 
water supply was cut off when equili- 
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brium was reached and data for a 
drainage curve were recorded. It was 
soon found that static holdup was 
independent of liquid and gas rates 
when this procedure was employed, 
and so it was not necessary to in- 
vestigate the two ranges so thorough- 
ly as for total holdup. 


EXPERIMENTAL RESULTS 


Total Holdup. The data obtained 
from the total holdup measure- 
ments are plotted in Figures 4 to 
9 for the six packings studied. The 
experimental points are shown, and 
additional lines, obtained by in- 
terpolation, extrapolation, and cross 
plotting, have been added to make 
the plots more useful for estimat- 
ing total holdups in the ranges of 
gas and liquid rates covered. The 
loading-point line on each plot was 
obtained from the data of Tillson 
(21) for the same packing. The 
shapes of the curves are quite simi- 
lar to those obtained by Elgin and 
Weiss(3) for operating holdups. 
This is to be expected because the 
two holdups differ by a constant, 
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100 300 1000 
G6, GAS RATE, 


Fig. 9. TOTAL HOLDUP IN 1.0- 
IN. CARBON RINGS. 


the static holdup, as will be shown 
later. At low liquid rates the total 
holdup is almost independent of 
gas rate up to the loading point, 
but for higher liquid rates, espe- 
cially for the smaller packings, and 
for gas rates at approximately the 
loading point the effect of gas rate 
cannot be ignored. This sudden in- 
crease in holdup as gas rate in- 
creases causes the break in the 
pressure-drop curve which has been 
taken as the definition of the load- 
ing point. It is interesting to note 
that the total holdups for 1.0-in 
carbon rings are greater than those 
for porcelain rings of the same 
size. This difference is accounted 
for by the differences in static 
holdup for the two packings; thus 
the operating holdups are of the 
same magnitude. Apparently the 
nature of the surfaces causes a 
greater accumulation of semistag- 
nant water in carbon than in por- 
celain; therefore the total and 
static holdups reported here prob- 
ably do not apply to surfaces other 
than ceramics similar to unglazed 
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TABLE 3.—CONSTANTS FOR EMPIRICAL EQUATIONS FOR TOTAL AND STATIC HOLDUPS 


Type of packing Raschig rings Saddles 
material Porcelain Carbon Porcelain Equation 

a 2.25 X10-5 7.90 10-5 2.50 X 10-5 2 

Y 0.965 0.706 0.965 3 

6 0.00104 0.00250 0.00032 4 

6 0.376 0.376 0.376 3 

A 1.21 1.21 1.56 4 
Dp, 1.5-in. packing, ft. 0.174 0.178 0.155 ore 
Dp, 2.0-in. packing, ft. 0.238 


porcelain. The operating holdups, 
however, seem to be independent 
of the nature of the surface. 

For purposes of estimating the 
total holdups of rings and saddles 
larger than those investigated in 
this study the following empirical 
equations are recommended below 
the loading point: 


B 

hi = al, 4 (2) 
Dp 

(3) 


The constants, «, y, and 0, are given 
in Table 3. These equations fit the 
experimental data very well up to 
loading and have been found use- 
ful for estimating the holdups for 
2.0-in. rings and 1.5-in. saddles. 


Static Holdup. The experimental 
data for the static holdups, sum- 
marized in Table 4, show the hold- 
ups to be independent of varying 
gas and liquid rates. In Figure 10 
the average value of static holdup 
for each packing is plotted vs. the 
equivalent diameter, D,. Although 
an insufficient number of packings 
of each type have been studied to 
give a good correlation of the data, 
it is evident that the static holdup 
is a function of the material of 
construction, the shape of the pack- 
ing, and the size of the packing. 


The lines on Figure 10 may be 
used to estimate the static holdups 
of packings which have not been 
studied, or the following equation 
for the lines may be used. 


(4) 


The constants, 8 and i, are given 
in Table 3. 

The static holdup, which is a 
measure of the accumulated semi- 
stagnant liquid, may play an im- 
portant, but hitherto unknown, role 
in the interpretation of mass trans- 
fer studies in packing. It can easily 
be seen that this semistagnant 
liquid may be as effective as mov- 
ing liquid for vaporization work, 
but relatively ineffective for ab- 
sorption or desorption operations. 
A more detailed analysis of this 
problem is given in another section 
of this paper. 


Operating Holdup. The operating 
holdup is determined by taking the 
difference between the total and 
the static holdups, as indicated by 
Equation (1). The operating hold- 
ups derived from the _ present 
studies are in fair agreement with 
those obtained by previous investi- 
gators. The differences may be due 
to the use of different materials of 
construction of the packing, slight- 
ly different packing dimensions, 
differences in methods of packing 
the column, and different drainage 


TABLE 4.—SUMMARY OF STATIC HoLpUP DATA 


Static holdup, hs, cu. ft./cu. ft. 


Type of packing 


Raschig rings 


Berl saddles Raschig rings 


material Unglazed porcelain Unglazed porcelain Carbon 
Nominal size, in. 0.5 1.0 1:5 0.5 1.0 1.0 
G 
10,000 0 0.0322 0.0150 0.00884 0.0315 0.0108 0.0358 

6,000 0 0.0328 0.0149 0.00895 0.0315 0.0110 0.0357 

3,500 0 0.0326 0.0150 0.00895 0.0319 0.0110 0.0359 

2,000 0 0.0326 0.0149 0.00899 0.0318 0.0111 0.3539 

1,000 0 0.0324 0.0148 0.00893 0.0318 0.0110 0.0359 

3,500 0.00896 0.0318 

3,500 300 0.0152 

3,500 0.0151 

6,000 200 0.0325 

Average h, 0.0325 0.0150 0.00890 0.0317 0.0110 0.0358 
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times. Thus Furnas and Bellinger 
(9) drained for 3 min., Jesser and 
Elgin(11) for 10 min., and the 
authors for each packing to a con- 
stant weight. 

Serious errors may be made in 
estimating operating holdups by 
using the methods presented by 
previous investigators and adopted 
by various texts and handbooks 
presenting these data. In the past 
it has been assumed that operating 
holdup is independent of gas rate 
up to the flooding point and so 
operating holdups were in many 
cases measured at zero gas rate. 
These data are then plotted as 
straight lines with logarithmic co- 
ordinates and extrapolated to very 
high liquid rates approaching 100,- 
000 Ib./ (hr.) (sq.ft.) in some cases. 
From Figures 4 to 9 it may be 
seen such a procedure would give 
erroneous operating holdups for all 
but very low gas rates. It is recom- 
mended that by means of Figures 
4 to 10 and Equation (1) operat- 
ing holdups be determined at the 
actual gas and liquid rates em- 
ployed. 


APPLICATIONS TO MASS 
TRANSFER 


The primary reason for obtain- 
ing the holdup data was a desire 
to determine the void fraction in 
packings under operating condi- 
tions in order to separate the mass 
transfer coefficients, k, and k,, 
from the volumetric transfer coeffi- 
cients, kga and k,a. This work is 
reported in Part II and will not 
be discussed here. 

Figure 2 emphasizes a _ fact 
which has been reported occasional- 
ly by investigators on the basis of 
their experience: it is desirable to 
wet a packing thoroughly before 
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attempting to 
transfer coefficients or the equiva- 
lent. This is particularly important 
when small packings are employed 


mass 


at low liquid rates because it 
may take several hours of opera- 
tion under such conditions before 
the equilibrium total holdup is 
reached. Failure to observe this 
precaution undoubtedly accounts 
for widely scattered data, which 
are difficult to interpret and im- 
possible to reproduce. If in addi- 
tion, poor liquid distribution and 
end effects are added to the usual 
analytical problems it is easy to 
understand why the literature con- 
tains a considerable number of in- 
vestigations, the resuits of which 
may never be fully explained. 

The results of the holdup studies, 
presented in Figures 4 to 10, may 
offer an explanation of -several 
mass transfer anomalies which 
have arisen in recent years. The 
first is concerned with the dif- 
ferences observed when gas-phase 
mass transfer coefficients, kga, are 
determined by vaporization and 
absorption methods. Excellent dis- 
cussions of this problem are pro- 
vided by Pigford and Colburn(14) 
and Sherwood and Pigford(17). 
These authors point out that the 
most reliable data for kga, obtained 
by vaporization and _ absorption 
measurements, are in disagreement 
by as much as 300% and no simple 
explanation is available to account 
for such large differences. One pos- 
sibility suggested by these authors 
is that the ammonia absorption 
data, which are believed to be re- 
liable, should be interpreted as 
though a chemical] reaction takes 
place when ammonia dissolves in 
water and the reaction rate is slow 
enough to cause an abnormally 
high liquid-phase resistance. This 
suggestion was based on the work 
of Vivian and Whitney (23 and 24) 
on the absorption of chlorine and 
sulfur dioxide where a mechanism 
of this sort seemed to explain the 
data; however, the same authors 
compared the gas-phase mass trans- 
fer coefficients obtained from the 
sulfur dioxide work with those 
obtained by ammonia absorption 
and found them to be in reason- 
able agreement, and so it is rather 
unlikely that the chemical reac- 
tion mechanism can explain such 
large differences as have been ob- 
served. 

An explanation for this mass 
transfer problem can be offered on 
the basis of observations of the 
flow of dye solutions through 
packed columns. The equipment 
used for the holdup studies was 
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arranged so that a concentrated 
dye solution might be injected into 
the water line several inches be- 
fore the liquid distributor. With 
the equipment in operation at a 
fixed liquid rate the dye solution 
was injected at a continuous rate 
for a short period of time and then 
cut off. By use of 1.5-in. Raschig 
rings, it was possible to observe 
the displacement of clear water by 
dye solution and then the displace- 
ment of dye solution by clear water 
through the glass column. It was 
found that a considerable portion 
of the water was not displaced im- 
mediately; i.e., there was no sharp 
line of demarcation between water 
and dye solution as dye was added 
or when the dye was cut off. In- 
stead there were pockets of what 
might be described as semistag- 
nant liquid and splashing, and the 
random motion of liquid over the 
packing surface deposited or re- 
moved dye’ from these areas by 
means of a slow and random dilu- 
tion process. Thus when dye was 
injected for about 20 sec. some of 
the pockets picked up dye, which 
was not completely washed out by 
the following clear water until as 
much as 5 min. had passed. The 
water in these pockets corresponds 
to the static holdup, and the rate 
at which water enters or leaves 
these areas can be judged quali- 
tatively from Figure 2, which 
shows the buildup of total holdup 
when dry packing is used. It can 
be concluded that there exists in 
the packing a quantity of water, 
with a corresponding interfacial 
area, the composition of which 
would change rather slowly even 
if the composition of the liquid 
entering the column changed rapid- 
ly. 

If a packed column is used for 
vaporization, the effective inter- 
facial area consists of the surface 
area of the moving liquid as well 
as of the water in the semistagnant 
pockets. If the column is used for 
absorption the semistagnant poc- 
kets tend to become saturated in a 
short time, their surface area be- 
comes ineffective, and so the ef- 
fective interfacial area is substan- 
tially that of the moving liquid 
alone. Of course, the observed vol- 
umetric mass transfer coefficients, 
kaa, for the two cases will be dif- 
ferent because the effective areas 
are different. This explanation can 
be tested quantitatively if the ef- 
fective area for vaporization is 
assumed to be proportional to the 
total holdup, h;, and that for ab- 
sorption proportional to the operat- 
ing holdup, h,, which represents 
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the moving liquid. 

This same line of reasoning can 
be extended to predict, in part, the 
behavior of packed columns used 
for absorption followed by an irre- 
versible chemical reaction such as 
the absorption of ammonia in acid 
or of sulfur dioxide and chlorine 
in alkali solutions. For example, if 
ammonia is absorbed in water or 
very dilute acid, the effective area 
will be that of the moving liquid. 
As the acid concentration is in- 
creased, the semistagnant liquid, 
even with its slow turnover, will 
have an increasing capacity to ab- 
sorb ammonia and at high enough 
acid concentrations this liquid may 
be as effective as the moving liquid. 
Thus one would predict a plot of 
kga vs. acid concentration which 
would have the kga value for water 
absorption at zero acid concentra- 
tion, and then kga would increase 
as acid concentration increased 
until the limiting value correspond- 
ing to the kga to be expected for 
vaporization, corrected for dif- 
fusivity, was reached. It should be 
noted that this explanation pro- 
vides the two extreme values of 
kga but cannot, by itself, predict 
the shape of the intermediate por- 
tion of the curve because the rela- 
tive rates of chemical reaction and 
diffusion must be taken into ac- 
count as well as the changing ef- 
fective area. For the same reason, 
any theory of absorption and 
chemical reaction in packed col- 
umns which does not take account 
of the variable effective area could 
not predict quantitatively the effect 
of concentrations. It should be 
noted that the concentration of the 
solute in the gas phase will in- 
fluence the effectiveness of the 
semistagnant liquid. The greater 
this concentration, the lower the 
effectiveness because the acid in 
the pockets will be neutralized at 
a faster rate than at lower concen- 
trations. As both acid concentra- 
tion in the liquid and solute con- 
centration in the gas must be con- 
sidered when a reaction occurs with 
or without a changing effective 
area, it may be possible to take 
into account the effect of these 
concentrations on both the rates 
and areas at the same time. Sher- 
wood and Pigford(17) provide an 
excellent discussion of simultaneous 
absorption and chemical reaction. 

To test the explanations offered, 
as suggested, it was necessary to 
search the literature for reliable 
mass transfer data obtained with 
the Raschig rings and Ber] saddles 
for which holdup data are availa- 
ble. Unfortunately, there is a very 
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ABSORPTION OF Nix IN 3.5.N H2SQ, asx 
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JOHNSON (16) 
VAPORIZATION OF WATER 
@ 15" CERAMIC RINGS, SHERWOOD 6 
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2.0} —© 1.5" CERAMIC RINGS, EQUATION , 
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@ 10" CARBON RINGS, 7 
SUROSKY @ DODGE (21) 
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limited amount of data suitable for 
this purpose. An excellent set of 
data given by Fellinger(7) for 
ammonia absorption in water can 
be corrected for liquid-phase re- 
sistance by means of the Sherwood 
and Holloway(16) correlation and 
for gas diffusivity to the 2/3 power 
to provide k,a for absorption for 
all the comparisons desired. Re- 
liable vaporization data are diffi- 
cult to obtain because end effects 
are extremely important when the 
short packing heights required are 
employed. Surosky and Dodge(20) 
give water-vaporization data for 
1.0-in. carbon rings which have 
been corrected for end effects. Sher- 
wood and Holloway(16) report 
water vaporization data for 1.5-in. 
ceramic rings for which end effects 
are estimated to be 35 to 40%. An 
equation was given for the uncor- 
rected data by Pigford and Colburn 
(14) which is equivalent to 


koa = L°* (5) 


Applying a correction of 37.5% 
based on the investigators’ esti- 
mate of end effects results in the 
corrected equation 


= 0.02134" (6) 


This equation as well as the cor- 
rected experimental data can be 
used for the comparisons. Some 
data for the absorption of ammonia 
in sulfuric acid by use of 1.0-in. 
carbon rings were obtained by 
Doherty and Johnson and reported 
by Sherwood and Holloway(16). 
The experimental points of the 
four sources mentioned were used 
if the combination of liquid and 
gas rates fell in the regions in- 
vestigated in the holdup work re- 
ported in Figures 4 to 9. It was 
felt that excessive extrapolation of 
the holdup curves was not justified 
because poor liquid distribution at 
low liquid rates and rapidly chang- 
ing holdups at gas and liquid rates 
above loading would add to the 
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scattering of the original data and 
result in an inconclusive test of 
the proposed explanation. 

Figure 11 is a plot of the ratio 
(Ke) ave VS. the holdup 
ratio h,/h, where (kg@) yop is the 
value obtained from the vaporiza- 
tion measurements and absorption 
runs with high acid concentrations 
and (Kkg@) qn, is the corresponding 
value for ammonia absorption in 
water at the same gas and liquid 
rate, as obtained by Fellinger(7). 
The ammonia and water data were 
corrected to a common basis by 
correcting for gas diffusivity to 
the 2/3 power, employing the values 
of 0.236 (cm.sq.)/(sec.) for am- 
monia and 0.256 (cm.sq.) / (sec.) 
for water at 25°C. and 1 atm. It 
can be seen that the points fall in 
a band which is relatively narrow 
when one considers that the magni- 
tude of some of the ratios repre- 
sents otherwise unexplainable dif- 
ferences of well over 200%. The 
best line through the points can be 
represented by 


(keQ) vap h: 

0.85 ho (7) 
The broken lines on the diagram 
15% above and below the best line 
indicate the magnitude of the 
agreement of most of the points. 
The average deviation from the 
line given by Equation (7) is + 
8%. The inequality of the two 
ratios may be caused by the failure 
of the effective areas to be directly 
proportional to the holdups as as- 
sumed, a different proportionality 
for the two areas, surface tempera- 
ture variations making one area 
less effective than the other, and 
the possibility that the slow, but 
finite, turnover of the semistag- 
nant liquid makes some of its area 
effective for absorption with water 
work. The departure from equality 
is not great, however, and it seems 
as if Equation (7) can be used 
empirically with Fellinger’s data 
and the holdups to predict mass 
transfer rates for vaporization and 
absorption with concentrated ab- 
sorbents. 

A test of the ability of Equation 
(7) to predict the limiting values 
of k,a for a kga vs. acid concen- 
tration plot is shown in Figure 12. 
The acid-absorption K,a data are 
plotted, and Fellinger’s water-ab- 
sorption value of k,a as well as 
the k,a obtained by multiplying it 
by 0.85 (h;,/h,) are shown as limit- 
ing values. It can be seen that all 
the experimental data fall between 
the two as expected, and at high 
concentrations there is close agree- 
ment with the limiting value. 
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Another packed-column 


transfer anomaly which may be. 


explained eventually with holdup 
data is the reason for the different 
effects of gas diffusivity obtained 
when vaporization and absorption 
techniques are employed. A large 
amount of mass transfer data ob- 
tained with all sorts of materials 
and techniques indicates that the 
gas-phase mass transfer rates 
should be proportional to gas dif- 
fusivity raised to the 2/3 power. 
However, two seemingly reliable 
sets of data obtained by vaporiza- 
tion techniques by Surosky and 
Dodge(20) and Mehta and Parekh 
as reported by Sherwood and Hollo- 
way(16) indicate the power to be 
0.15 to 0.17. The vaporization tech- 
nique assumes that the effective 
interfacial area is the same when 
different liquids wet the packing. 
In view of the fact that static hold- 
ups are a function of surface 
properties such as interfacial ten- 
sions, as illustrated by the dif- 
ferences obtained with carbon and 
porcelain, one would expect liquids 
with different physical and chemi- 
cal properties to wet solid surfaces 
differently. At the present time this 
explanation cannot be tested; how- 
ever, work underway to study the 
effects of surface tension, viscosity, 
and the nature of solid surface on 
holdups may provide the required 
data. 


SUMMARY 

Total, static, and operating hold- 
ups, obtained for six ring and sad- 
dle packings, are represented by 
Figures 4 to 10 and Equation (1). 
Equations (2), (3), and (4) may 
be used to estimate holdups up to 
loading conditions for rings and 
saddles larger than those investi- 
gated. Total holdups are approxi- 
mately proportional to the number 
of pieces of packing per cubic foot. 
Static holdups are independent of 
gas and liquid rates but are de- 
pendent upon the nature of the 
surface of the packings; operating 
holduvs are independent of the 
packing surface. 
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The holdups can be used to ex- 
plain the differences between gas- 
phase mass transfer rates obtained 
by vaporization and absorption 
techniques and to provide the limit- 
ing mass transfer rates for low 
and high absorbent concentrations 
when absorption is followed by an 
irreversible chemical reaction. 


NOTATION 
a = effective interfacial area, sq. 


D, = diameter of sphere possessing 
the same surface area as a 
piece of packing, ft. 

G = superficial gas rate, lb./ (hr.) 
(sq.ft.) 

h, = operating holdup, cu.ft./cu.ft. 

h,= static holdup, cu.ft./cu-ft. 

h, = total holdup, cu.ft./cu.ft. 

kg = gas-phase mass transfer coef- 
ficient, lb. moles/ (hr.) (sq. 
ft.) (atm.) 

k;, = liquid-phase mass_ transfer 
coefficient, lb. moles/ (hr.) (sq. 
ft.) (lb. mole/cu.ft.) 

L=superficial liquid rate, 
(hr.) (sq.ft.) 

N=pieces of packing/cu.ft. of 
packing 


Subscripts 

vap = obtained by vaporization or 
absorption in very concen- 
trated absorbents 

abs = obtained by absorption in 


water or extremely dilute 
absorbents 


Greek Letters 

= constant in Equantion (2) 
8 = constant in Equation (2) 
y = constant in Equation (3) 
3 = constant in Equation (4) 
= void fraction, cu.ft./cu.ft. 
6 = constant in Equation (3) 
= constant in Equation (4) 
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Il. Wetted and Effective-interfacial Areas, 
Gas - and Liquid-phase Mass 


Transfer Rates 


H. L. Shulman, C. F. Ullrich, A. Z. Proulx, and J. O. Zimmerman 
Clarkson College of Technology, Potsdam, New York 


A study was made of separating the volumetric mass transfer coefficients, kca and kia, into their components kc, kz, and 
@ so that the effects of variables might be determined separately for each component. Mass transfer rates for four packings, 1/2- 
and 1'42-in. Raschig rings and 1-in. and 1-in. Berl saddles, made of naphthalene, were determined by vaporization into air 
at gas rates from 100 to 1,000 Ib./(hr.) (sq. ft.). 

The correlation for kc was used to determine the wetted areas of those packings when irrigated with water and to calculate 
the effective interfacial areas, a, from Fellinger’s data for ammonia absorption. These effective areas were then used to evaluate 
« from previously published kia data, and a correlation was obtained for all packings. 

The correlations for kg and kx and the effective-interfacial-area data make possible a more rigorous method for the design 
of packed columns than was heretofore available. 


To predict the performance of 
columns employing ring and saddle 
packings for design purposes re- 


Additional tabular material may be obtained 
trom the American Documentation Institute 
Auxiliary Publications Project, Photoduplication 

tvice, Library of Congress, Washington 25, 

.C., as document 4566 by remitting $2.50 for 
Photoprints or $1.75 for microfilm. 
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liable data such as those of Fellin- 
ger(4) for volumetric gas-phase 
coefficients, k,a, and of Sherwood 
and Holloway(8) for volumetric 
liquid-phase coefficients, k,a, are 
used. Such coefficients can be esti- 
mated for aqueous systems from 
these sources of data and combined 
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by the following relation to give 
for a limited number of packings 
the over-all mass transfer coeffi- 
cients desired for design. 


(1) 
ka HK za‘ 
Although these sources of data are 
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considered reliable, they are of 
questionable value for predicting 
mass transfer rates for nonaqueous 
systems and for packings other 
than those for which data are re- 
ported. An examination of the data 
‘reveals no simple relation between 
packing size and performance even 
for one type of packing. For this 
reason the data must be presented © 
in the form of plots or empirical 
equations which are of little value 
in predicting the performance of 
packings for which data are not 
available. The work of Surosky and 
Dodge(11) and Mehta and Parekh 
(7) on the vaporization of organic 
liquids and water in packed col- 
umns and that described in Part I 
of this paper, on total liquid hold- 
up in carbon and porcelain pack- 
ings, indicate that the effective in- 
terfacial area is a function of the 
properties of the liquids employed 
and the nature of the packing sur- 
face. Thus it is unlikely that data 
obtained with aqueous systems and 
a specific packing material can be 
used to estimate the performance 
in nonaqueous systems or even in 
aqueous systems when packing ma- 
terials with different surface prop- 
erties are used. 

To overcome the limitations of 
the methods discussed, a more fun- 
damental approach to the problem 
of mass transfer between phases 
in packed columns must be em- 
ployed. As the first and most obvi- 
ous step in this direction it would 
be desirable to separate the coeffi- 
cients, kg and k,, from the effective 
interfacial area, a, in order to de- 
termine separately the effects of 
variables on each component of the 
volumetric coefficients, kga and k,a. 

Two attempts to separate a and 
kg have been reported by Shulman 
and DeGouff(9) and Weisman and 
Bonilla(14). The methods used 
were equivalent to using ky, ob- 
tained by vaporization of naph- 
thalene or water from special Ras- 


chig rings of known transfer area, 
and various sources of kga data to 
evaluate a, the effective interfacial 
area. As no liquid was used to irri- 
gate the packing, no attempt was 
made to take into account the effect 
of the liquid flowing through the 
packing under practical operating 
conditions. Part I indicates that an 
appreciable portion of the void 
space in packing may be occupied 
by liquid, leaving a much smaller 
free space for gas flow than had 
been expected previously. In addi- 
tion the recent work of Gamson (5), 
Evans and Gerald(3), McCune and 
Wilhelm(6), and Chu, Kalil and 
Wetteroth(1) has shown that the 
free space for gas flow, «, is an 
important variable for correlating 
mass transfer data. 

The present work was under- 
taken to separate kg and k, from 
a, to overcome the limitations of 
methods employed previously, and 


to obtain correlations for kg and_ 


k, in terms of all pertinent vari- 
ables in order to make possible the 
prediction of the performance of 
packings for which data are not 
available. The method employed is 
outlined as follows. 

1. Naphthalene packings (0.5- and 
1.5-in. Raschig rings and 0.5- and 1.0- 
in. Berl saddles) were used to obtain 
kg data which could be combined with 
previous work to obtain a single kg 
correlation for all ring and saddle 
packings which would take into ac- 
count the effect of liquid in the pack- 
ing on kg. 

2. The kg correlation was used in 
conjunction with Fellinger’s(4) ex- 
tensive k,a data for ammonia ab- 
sorption to calculate the effective 
interfacial areas, a, for the five pack- 
ings, 0.5-, 1.0-, and 1.5-in. Raschig 
rings and 0.5- and 1.0-in. Berl sad- 
dles, for which total holdup data 
were available. 

3. The effective interfacial areas 
were applied to the k,a data of sev- 
eral investigators to obtain k, values 
for the five packings which could be 
correlated by a single equation. 


TABLE 1.—PROPERTIES OF NAPHTHALENE PACKINGS 


Raschig rings 


Berl saddles 


Nominal size, in. 0.5 1.0* 1.5 0.5 1.0 
Height, in. 0.50 1.0 1.5 
Outside diameter, in. + 0.50 1.0 1.5 

Wall thickness, in. + 0.0938 0.125 0.250 cues ver 
Void fraction, dry 0.630t 0.758 ¢ 0.688 t 0.660 t 0.695 ¢ 
No. of pieces/cu. ft. 10,700 1,220t 366t 15,000 1,810¢ 
Surface area/piece, sq. ft. 0.0105 0.0430  0.0955¢ 0.00888** 0.0346** 
Surface area, sq. ft./cu. ft.{ AS 52.5 35.0 133 62.6 
Diam. of equivalent sphere, ft.* 0.0578 0.1167 0.174 0.0532 0.105 


* From data of Shulman and DeGouff (9) 
¢ From measurements. 
Calculated 


** From data of Maurice A. Knight, Akron, Ohio 
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Fic. 1. SCHEMATIC DIAGRAM OF 
APPARATUS. 


4. The correlations for kg and k, 
were tested and found satisfactory 


for extension to larger packings, 2.0- , 
in. rings and 1.5-in. saddles, for which - 


incomplete data were available. 


In addition to the studiés out- . 


lined, work was done on the wetted 
area in ring and saddle packings to 


supply data which may be of value ~ 


in developing a method for predict- 
ing the behavior of nonaqueous 
liquids in packings. 


APPARATUS AND PROCEDURE 


The apparatus, a schematic -di- 
agram of which is given in Figure 1, 
has been described in detail by Shul- 
man and DeGouff(9) except for sev- 
eral minor changes, which will be 
discussed. To improve control a water- 
storage tank with a circulating pump 
was installed and the air orifice meters 
were replaced by two calibrated rota- 
meters. A new technique was devel- 
oped to analyze the air for naph- 
thalene. The optical density of air 
containing naphthalene, as measured 
in 10-cm. quartz cells in a Beckmann 
model DU photoelectric quartz. spec- 
trophotometer, was found to be pro- 
portional to the naphthalene partial 
pressure. This provided a very rapid 
and simple method of analysis for 
the naphthalene. 

The naphthalene Raschig rings, 
which were prepared by means of 
special molds on a fast-acting hydrau- 
lic press, were held to close tolerances 
by weighing the feed for each 1.5-in. 
ring and by using a calibrated feed 
measure for the 0.5-in. rings. The 0.5- 
and 1.0-in. naphthalene Berl saddles, 
prepared by Maurice A. Knight, have 
the same dimensions as do the por- 
celain Berl saddles supplied com- 
mercially by this company. The 
characteristics of the naphthalene 
packings used are tabulated in Table 
1. The naphthalene used for all the 
work was crushed refined Polar naph- 
thalene obtained from the Barrett 
Division of Allied Chemical and Dye 
Corporation. 

To determine k, and wetted areas 
for a naphthalene packing the 3-ft. 
by 10-in. diam. Pyrex column was 
packed with 6 in. of porcelain pack- 
ing followed by 3 to 6 in. of naph- 
thalene packing of the same type and 
another 6 in. of porcelain packing. 
The porcelain packing above and be- 
low the naphthalene provided the 
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gas pnd liquid distribution which 
was characteristic of the packing 
used. Air and water temperatures 
were adjusted to the 20° to 23°C. 
range and held constant to within 
+0.1°C. for each run. To determine 
k, with a dry packing the air rate 
was,set at the desired value and inlet 
and outlet air temperatures were 
checked for constancy for a minimum 
of 10 min. When equilibrium was 
established, a copper air-sampling 
line at the top of the column, which 
operated at a pressure slightly above 
atmospheric, was opened and a 10-cm. 
quartz cell was flushed for about 1 
min. with the outlet air. The cell 
stopcocks were closed and the cell 
was placed in the spectrophotometer 
for analysis. The optical density of 
the air-naphthalene mixture was de- 
termined at three naphthalene ultra- 
violet absorption peaks, 221.75, 258.75, 
and 268.75 my. The optical densities of 
air saturated with naphthalene had 
been measured previously at these 
three wavelengths at several tem- 
peratures in the 15° to 25°C. range. 
The k, for the run was calculated 
by an equation employing these opti- 
cal densities, which was derived as 
follows. As the inlet air was free of 
naphthalene and a logarithmic mean 


driving force was applicable because 


the partial pressure of naphthalene 
never exceeded 0.1 mm. Hg, one can 
write 


[(ps) (ps—po)] GSpo (2) 


MuP 
Ds Po 


and as the optical densily, «a, as 
measuted by the spectrophotometer, 
is proportional to the partial pres- 
sure of naphthalene 


Ds 
AMyuP Po 


GS In | 
As — Ao 


(3) 


The term containing the optical densi- 
ties was evaluated for the readings 
at the three wavelengths and an 
average value was used for each run. 
In addition each run was duplicated, 
and each kg value reported is the 
average value for two or more runs 
at the same conditions. An attempt 
was made to keep the outlet air naph- 
thalene concentration in the neigh- 
borhood of 50 to 60% saturated. This 
was not always possible with the 
smaller packings at lower air rates, 
and these date scattered as a re- 
sult. The naphthalene concentrations 
could be duplicated within 2%. 

To determine the wetted area of 
the naphthalene packings when they 
were irrigated with water, a similar 
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procedure was used except that Equa- 
tion (3) was rearranged so that kgA 
was evaluated for the dry area. The 
corresponding k, was calculated from 
the correlation of the data obtained 
with the dry packing so that the dry 
area, A, might be calculated and the 
wetted area found by the difference 
from the total surface area. 


EXPERIMENTAL RESULTS 


Mass Transfer in Dry Naphthalene 
Packings. The data obtained with the 
dry naphthalene packings are 
shown in Figure 2 with the data of 
Shulman and DeGouff(9) for 1.0- 
in. rings as a plot-.of the mass 
transfer factor, jp, vs. a modified 
Reynolds number. The equation for 
the best line through the points is 


G 


D,G 
1.195 (4) 


Other methods of correlation were 
tested, such as those suggested by 
Gamson(5) and Taecker and Hou- 
gen(11), but the one used was 
found to represent the data best. 
The correlation includes the void 
fraction, «, which makes it possi- 
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Fig. 2. MAss TRANSFER FACTORS FOR 
NAPHTHALENE PACKING. 


ble to take into account the effect 
of liquid in the packing when the 
total holdup is known under oper- 
ating conditions. In Figure 3 the 
data are compared with the ex- 
tensive data of Chu, Kalil, and 
Wetteroth(1) on fixed and fluidized 
beds of a variety of particles coated 
with naphthalene. The agreement 
is good, with the best line for Chu’s 
data (not shown on Figure 3) 
lying slightly below the line recom- 
mended by the authors. The broken 
line on Figure 3 represents the 
equation 


Ke (1 €) (6) 


which Chu obtained as the best 
line representing his data and 
those of numerous previous in- 
vestigators of fixed and fluidized 
beds. 

Figure 4 compares the authors’ 
line with the data of Taecker and 
Hougen(11) obtained by vaporiz- 
ing water from porous packings. 
There is good agreement for the 
Berl saddle data, but each series 
of data for the rings shows in- 
creasing disagreement at the higher 
Reynolds numbers corresponding to 
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high gas rates. A possible explana- 
tion of this type of behavior for 
wetted porous rings may be an in- 
completely wetted surface brought 
about by the inability of the water 
to migrate to the surface fast 
enough to keep the surface com- 
pletely wetted. It is interesting to 
note that the Berl saddles used by 
Taecker and Hougen(11) were 
prepared by Maurice A. Knight by 
molding and the Raschig rings were 
prepared by the authors by ex- 
trusion. The differences in prepa- 
ration may have resulted in porous 
materials with different properties. 
The good agreement with the Berl 
saddle data and the Raschig ring 


this phenomenon as offered in the 
earlier work seems to be valid. It 
will be shown later that the ef- 
fective interfacial areas also de- 
crease at increasing gas rates for 
low liquid rates. 

The wetted-area data obtained 
in this work can be correlated by 
a line for each type of packing, as 
shown in Figure 10. For some un- 
known reason the data of Shulman 
and DeGouff(9) for the 1.0-in. 
rings scatter badly on this type of 
plot. The equations of the two lines 
in Figure 10 are 


0.20 
= 0.35 (6) 


t 


source of data. Part I of this paper 
explains the reason for the large 
differences between kga obtained 
by vaporization and absorption 
techniques on the basis of total and 
operating holdups. On the basis of 
this explanation it should be 
emphasized that the effective inter- 
facial areas reported here are valid 
for absorption work. For vaporiza- 
tion of water the effective area is 
greater by a factor equal to 0.85 
times the ratio of total to operat- 
ing holdup at the liquid and gas 
rates employed. 

Fellinger’s(4) data were cor- 
rected for liquid-phase resistance 
by means of the Sherwood and 
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data at the lower gas rates is an 
indication that the Schmidt num- 
ber to the 2/3 power is capable of 
correlating data of different sys- 
tems. 


Wetted Area in Naphthalene Pack- 
ings. The wetted areas for irrigated 
naphthalene packings were divided 
by the total surface areas, listed in 
Table 1, and are presented in Fig- 
gures 5, 7, 8, and 9 as the fraction 
of the total area wetted. Figure 6 
shows the data of Shulman and 
DeGouff(9) for 1.0-in. Raschig 
rings recalculated’ by means of 
Equation (4) for kg and the total 
holdup data obtained in Part I. 
The loading points shown in these 
figures are obtained from the work 
of Tillson(12). For all the pack- 
ings the wetted areas increase with 
increasing liquid rate and decrease 
with increasing gas rate usually 
until the loading point is reached 
when the lines tend to become hori- 
zontal or even to show an increase 
in wetted area at still higher gas 
rates. The unusual effect of gas 
rate was first reported by Shulman 
and DeGouff(9) and was found 
again for the four packings used 
in this work. The explanation of 
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for Berl] saddles and 


0.25 


for Raschig rings. 


EFFECTIVE INTERFACIAL AREA 

A correlation for kg, such as is 
given by Equation (4), makes it 
possible to calculate the effective 
interfacial area, a, from reliable 
sources of kga data. The data of 
Fellinger(4) for ammonia absorp- 
tion in water obtained by use of 
nine ceramic packings seem to be 
the most complete and reliable 
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Holloway(8) correlation and di- 
vided by the corresponding k, ob- 
tained from Equation (4) and the 
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holdup data of Part I. Figures 11, 
12, 13, 15, and 16 present the ef- 
fective interfacial areas for the 
packings for which both absorp- 
tion and holdup data are available. 
Figures 14 and 17 present these 
areas for 2.0-in. rings and 1.5-in. 
saddles employing holdups esti- 
mated by means of correlating 
equations given in Part I. The 
loading-point line on each figure 
was obtained from the data of 
Tillson (12). 

An examination of these plots 
shows that the effective interfacial 
area increases with increasing 
liquid rate and is fairly indepen- 
dent of gas rate although in gen- 
eral it increases with gas rate at 
high liquid rates, decreases at the 
lower liquid rates, and is inde- 
pendent at the intermediate liquid 
rates. The behavior at low liquid 
rates is similar to that of the wet- 
ted area. A comparison of wetted 
and effective areas reveals some 
important differences. Wetted areas 
increase as packing size decreases. 
The effective area, however, is 
smallest for the smallest packings 


in spite of the fact that they pos- 
sess the largest total surface and 
wetted area. The effective area 
seems to go through a maximum 
for the 1.0-in. rings and saddles 
although the larger packings have 
almost as much effective area. It 
may be possible to explain these 
results by the holdup studies in 
Part I. The small packings were 
found to have very large static 
holdups which exist in the packing 
as pockets of almost stagnant 
water. This water can account for 
the large wetted area, but it is 
practically useless for absorption 
because it comes to equilibrium 
with the gas very rapidly. The 
water which runs through the pack- 
ing, corresponding to the operating 
holdup, flows through the numerous 
crevices at the points of contact 
in the small packing, exposing a 
relatively small surface area. In 
the largey packings there are fewer 
points of contact and resulting 
crevices, and so the water must 
spread out over the surface and 
the effective area is more closely 
related to the wetted area. 


CORRELATION OF k: FOR RINGS 

AND SADDLES 

Sherwood and Holloway(8) have 
obtained k,a data for nine ceramic 
packings by desorption of slightly 
soluble gases from water. Some of 
this work has been checked by 
other investigators, for instance, 
Deed, Schutz, and Drew(2) and 
Vivian and Whitney (13,15), with 
good agreement. As was pointed 
out earlier, there is no way to cor- 
relate the k,a data for the different 
packings. With the effective inter- 
facial areas for absorption, as 
shown in Figures 11 to 17 inclu- 
sive, it is a simple matter to ex- 
tract k, and attempt a generalized 
correlation. Figure 18 shows the 
best correlation that could be ob- 
tained from the three sources of 
data cited above. For some of the 
packings it was possible to ex- 
trapolate with confidence the effec- 
tive interfacial areas to liquid rates 
well above those shown in Figures 
11 to 17. The line drawn in Figure 
18 is the best line through the 
points for 0.5-, 1.0-, and 1.5-in. 
rings and 0.5- and 1.0-in. saddles. 
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15. EFFECTIVE INTER- 
FACIAL AREA FOR 0.5-IN. BERL 


Fic. 16. EFFECTIVE INTER- 
FACIAL AREA FOR 1.0-IN. BERL 
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Fic. 18. CORRELATION OF LIQUID-PHASE DATA. 


The points for 2.0-in. rings and 
1.5-in. saddles, which are based on 
effective interfacial areas calculated 
from Fellinger’s(4) data, Equa- 
tion (4) for kg, and estimated 
holdups, are also in good agree- 
ment with this line. This indicates 
that the correlations for kg, kz, 
and holdup can be used to predict 
the performance of packings for 
which complete data are not avail- 
able. 

The equation for the line in Fig- 
ure 18 is 


It can be seen that k, is independent 
of gas rate, and so k,a can be ex- 
pected to vary with gas rate as a 
does, as shown in Figures 11 to 17 
inclusive. This observation seems 
to contradict that of Sherwood and 
Holloway(8), who found k,a to be 
independent of gas rate up to load- 
ing. Their statement, however, 
seems to be based on data obtained 
with 1.5-in. rings at a liquid rate 
of 2,000 lb./ Chr.) (sq.ft.). As an 
examination of Figure 13 shows a 
to be just about independent of 
gas rate at this liquid rate, k,a 
should also be independent. It 
should be noted that it would not 
be serious to neglect the effect of 
gas rate with large packings, but 
some of the small packings do 
show an appreciable effect at the 
high and low liquid rates. 

Equation (8) will predict the ef- 
fects of temperature and diffusivity 
as found by Sherwood and Hollo- 
way(8). If further work on ef- 
fective interfacial areas makes pos- 
sible predictions for nonaqueous 
systems, it will be possible to use 
Equations (4) and (8) to predict 
the performance of ring and sad- 
dle packing for all systems. 
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RESULTS AND CONCLUSIONS 


For Raschig ring and Berl sad- 
dle packings mass transfer rates 
can be predicted for the gas phase 
by 


Me [ | 
JD G 


Dg 
1.195 (4) 


and for the liquid phase by 


| is 
8 
The effective interfacial areas, a, 
for absorption and desorption are 
given for seven packings in Fig- 
ures 11 to 17 inclusive, and those 
for vaporization can be estimated 
from these by applying a factor 
equal to 0.85 times the ratio of 
total holdup to operating holdup. 
The wetted areas for five pack- 
ings, Figures 5 to 9 inclusive, are 
not related in any simple manner 
to the effective interfacial areas. 


NOTATION 


A=total dry surface area, sq.ft. 
a=effective interfacial area, sq. 
Curt. 

a,, = wetted area, sq.ft./cu.ft. 

a, = total surface area, sq.ft./cu.ft. 

D, = diffusivity of solute in liquid, 
sq.ft./hr. 

Dp = diameter of sphere possessing 
the same surface area as a 
piece of packing, ft. 

Dy, = diffusivity of solute in gas, 


sq.ft./hr. 

G = superficial gas rate, lb./ (hr.) 
(sq.ft.) 

H=Henry’s law constant, Ib. 


moles/ (cu.ft.) (atm.) 
jp = mass transfer factor 
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Kg = over-all mass transfer coeffi- 

cient, lb. moles/ (hr.) (sq.ft.) 
(atm.) 

kg = gas-phase mass transfer co- 
efficient, lb. moles/ (hr.) (sq. 
ft.) (atm.) 

K,, = over-all mass transfer coeffi- 
cient, lb. moles/ (hr.) (sq.ft.) 
(1b. moles/cu.ft.) 

k,, = liquid-phase mass transfer co- 

efficient, lb. moles/(hr.) (sq. 

ft.) (ib. moles/cu.ft.) 

L=superficial liquid rate, 
(hr.) (sq.ft.) 

My, =mean molecular weight of 
gas, lb./ (Ib. mole) 

P = total pressure, atm. 

Ppa = mean partial pressure of in- 
ert gas in the gas phase, atm, 

~,= partial pressure of naphtha- 
lene in outlet air, atm. 

, = vapor pressure of naphthalene, 
atm. 

S = column 
sq. ft. 


Ib./ 


cross-sectional . area, 


Greek Letters 

a = optical density 
a, = optical density of outlet air 
a, = optical density of air saturated 

with naphthalene 

= void fraction, cu.ft./cut.ft. 
ug = gas viscosity, lb./ (hr.) (ft.) 
vz, = liquid viscosity, lb./ Chr.) (ft.) 
eq = gas density, lb./cu.ft. 
oz, = liquid density, lb./cu.ft. 
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III. Holdup for Aqueous and Nonaqueous 


Systems 


H. L. Shulman, C. F. Ullrich, N. Wells, and A. Z. Proulx 
Clarkson College of Technology, Potsdam, New York 


Total, static, and operating holdups have been measured 
for 1-in porcelain and carbon Raschig rings and 1-in. 
porcelain Berl saddles, employing aqueous solutions of 
calcium chloride, sorbitol, and a wetting agent as well as 
pure methanol and benzene. The range of variables cov- 
ered by this investigation includes liquid rate, 1,000 to 
10,000 Ib./(hr.) (sq. ft.) ; viscosity, 0.6 to 185 cp.; surface 
tension, 23 to 86 dynes/cm.; specific gravity, 0.8 to 1.32. 

Equations and charts are presented for estimating hold- 
ups for all liquids. The application of holdups for estimat- 
ing mass transfer coefficients, kc, and effective interfacial 
areas, a, is discussed. 

The total holdups for water, methanol, and benzene 
can be used to explain why mass transfer coefficients 
obtained by vaporization of pure liquids in packings seem 
to depend on gas diffusivity raised to the 0.15 power 
instead of the 0.67 power, as found in other mass transfer 
studies. The larger total holdups of nonaqueous liquids 
result in larger effective interfacial areas in the packing, 
which mask the effect of the change in gas diffusivity. 
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Fic. 1. OPERATING HOLDUP FOR SORBITOL SOLUTIONS 
AND WATER AT 20°C. WITH VISCOSITY VARYING FROM 


1.0 TO 185 ep. 


In the first two parts of this 
study of the performance of packed 
columns it was shown that total, 
static, and operating holdup data 
could be used in the prediction of 
mass transfer coefficients for ab- 
sorption and vaporization in packed 
columns. Up to the present time 
mass transfer and holdup studies 
in packings have been limited al- 
most exclusively to systems em- 
ploying water as the liquid. For 
this reason the extension to non- 
aqueous systems of design meth- 
ods developed for aqueous systems 
is of questionable value until ap- 
propriate data have been obtained 
to check the assumptions made. 


Additional tabular material may be obtained 
from the American Documentation Institute 
Auxiliary Publications Project, Photoduplication 
Service, Library of Congress, Washington 25, 
D.C., as document 4567, by remitting $1.25 for 
photoprints or microfilm. 
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Fic. 3. OPERATING HOLDUP FOR PETROWET SOLUTIONS 
AND WATER AT 20°C. WITH SURFACE TENSION 


VARYING FROM 88 TO 73 DYNES/CM. 


Attempts have been made to 
study the vaporization of water 
and organic liquids in packed col- 
umns by Metha and Parekh(3) and 
Surosky and Dodge(4). The results 
of both of these studies indicated 
that the gas-phase mass transfer 
coefficient, k,a, was proportional to 
the diffusivity raised to the 0.15 to 
0.17 power. This conclusion is in 
disagreement with all the other 
mass transfer studies in which a 
much higher power, in the neigh- 
borhood of 0.67, was found to cor- 
relate the data. Surosky and Dodge 
noted that their assumption of a 
constant effective interfacial area, 
a, for all liquids may have been 
unjustified, and if the organic 
liquids wetted the packing surface 
to a greater extent than water, the 
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effect of diffusivity may have been 
masked. 

The object of this work is to 
study total, static, and operating 
holdups in packings to determine 
the effects of liquid physical prop- 
erties, such as viscosity, surface 
tension, and density, and the shape 
and nature of the packing. By 
working with water solutions on 
several packings it is possible to 
cover a wide range of variables 
and to develop relationships for 
the prediction of holdups in aque- 
ous and nonaqueous systems. By 
working with benzene and meth- 
anol on the same packings, data 
can be obtained to check these re- 
lationships for nonaqueous liquids. 
The holdup data for water, benzene, 
and methanol can also be used to 
disprove the validity of the assump- 
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tion that the effective interfacial 
area, a, in packings is the same for 
all liquids and to help to explain 
the disagreement between the small 
effect of diffusivity found by Metha 
and Parekh(3) and Surosky and 
Dodge(4) and the large effect noted 
by other investigators. 


APPARATUS AND PROCEDURE 
The apparatus used in this work 
is the same as that described in Part 
I of this paper except for a minor 
modification which consisted of the 
addition of a gear pump and a small 
heat exchanger in the line leading 
to the liquid distributor at the top 
of the column. These changes made 
it possible to pump liquids of high 
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viscosity and to hold entering liquid 
temperatures at 20.0° + 0.1°C. for all 
the runs. Water solutions of varying 
viscosity were prepared by adding 
sorbitol to the water tank and re- 
cycling the solution through the ap- 
paratus until a uniform solution of 
the desired viscosity was obtained. 
Solutions with viscosities up to 185 
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cp. could be handled in the appa- 
ratus. 

Calcium chloride was used to pre- 
pare solutions with densities up to 
1.32 g./ml. The surface tension of 
water was decreased to as low as 38 
dynes/cm. by the addition of a wet- 
ting agent, DuPont Petrowet. To re- 
duce the tendency to foam of these 
sclutions a small quantity of a sili- 
cone defoamer, Dow Corning Anti- 
foam A, was added as required. Ben- 
zene and methanol served as liquids 
with densities, viscosities, and sur- 
face tensions lower than those at- 
tained with any of the water solu- 
tions. 

Flow rates were measured with 
rotameters calibrated with each of 
the liquids employed. Viscosities were 
measured and controlled with a Rich- 
Roth Ultra-Viscoson, by use of a 


‘gold-plated probe, which was cali- 


brated against glycerol solutions. 
Surface tension was measured with 
a Cenco-duNouy interfacial tensi- 
ometer, and densities were deter- 
mined with a Precision specific-grav- 
ity balance. 

The procedure used was similar to 
that described in Part I for measur- 
ing total, static, and operating hold- 
ups except that all runs were made 
at zero gas rate. One-inch unglazed- 
porcelain rings and saddles and car- 
bon rings were used. The characteris- 
tics of these packings were described 
in Part I, and in all runs the column 
was packed so that the dry void 
fraction was within 1.0% of that re- 
ported previously. 


EXPERIMENTAL RESULTS 

The operating and static holdups 
for the three packings are shown 
in Figures 1 to 6 inclusive for the 
aqueous solutions. The methanol 
holdups are given in Figure 7, and 
the benzene holdups in Figure 8. 
The effects of the physical proper- 
ties can be determined only qualita- 
tively from some of these figures 
because it was not possible always 
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to vary one physical property with- 
out varying another to some ex- 
tent. Table I illustrates this point. 
A series of equations, which can 
be used to estimate holdups for any 
liquid on the three packings, was 
developed by the following pro- 
cedure. The data for solutions with 
varying surface tensions were used 
to determine the effect of surface 
tension on operating and static 
holdups. This was possible because 
these solutions had constant density 
and viscosity. The data for the 
calcium chloride solutions were 
then corrected for the effect of 
surface tension and used to de- 
termine the effect of density. The 
viscosities of these solutions are 
low, although higher than the 
viscosity of water, but the effect 
of such small changes in viscosi- 
ties is almost negligible, and slight 
adjustments could be made after 
the effect of viscosity had been de- 
termined. The effect of viscosity 
was determined by correcting the 
sorbitol solution data for the effect 
of density found previously. The re- 
sulting equations are tabulated in 
Table 2. For the three 1.0-in. pack- 
ings employed, the operating hold- 
ups were found to be independent 
of the nature of the packing sur- 
face, whereas the static holdups 
were very dependent, as evidenced 
by the much higher static holdups 
observed with carbon rings as com- 
pared to porcelain rings. The effect 
of each variable will be discussed 
separately. 


Effect of Surface Tension. The ef- 
fect of surface tension was found 
to vary with liquid rate for operat- 
ing holdup. At low liquid rates, de- 
creasing surface tension resulted 
in decreasing operating holdup, 
whereas at high liquid rates de- 
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creasing surface tension increased 
operating holdup. Similar observa- 
tions were made by Jesser and 
Elgin(1) with 1/2-in. carbon rings, 
although they found the point of 
changing effect at much lower 
liquid rates. The present work and 
that of Jesser and Elgin(1) may 
result in an erroneous conclusion 
as to the effect of surface tension 
because water solutions of wetting 
agents may have foaming tenden- 
cies which are not found in pure 
liquids of low surface tension. 
When the present work was started, 
the Petrowet solutions were found 
to foam and result in high holdups 
even at low liquid rates(1). The 
addition of a silicone defoamer, 
such as Dow Corning Antifoam A, 


eliminated most of the foam at the 
low liquid rates, but some was still 
present at higher liquid rates. Un- 
fortunately, there was no way to 
eliminate the foam completely and 
so somewhat higher holdups were 
found than might otherwise have 
been obtained. Further evidence of 
this effect of foam formation on 
the equations which were developed 
can be obtained by using the equa- 
tions to estimate the operating 
holdups of methanol and benzene 
and comparing them with the ex- 
perimental values. Although gvod 
agreement is obtained in generai, 
the calculated values tend to be 
high at high liquid rates and low 
at low liquid rates, as is to be 
expected if foam formation ap- 


TABLE 1.—PHYSICAL PROPERTIES OF THE LIQUIDS EMPLOYED FOR 
MEASUREMENTS AT 20°C. 


Viscosity, , Density, Surface tension, 
Liquid cp. g./ml. dynes/cm. 
Sorbitol solution... 185 1.299 73.0 
Sorbitol solution. 53 1.268 73.0 
Sorbitol solution. 16.5 1.215 73.9 
Calcium chloride solution... ... 4.5 1.321 86.3 
Calcium chloride solution...... 2.4 L225 80.3 
Calcium chloride solution...... 1.4 1.170 77.4 
DuPont Petrowet solution... .. 1.0 1.000 57.5 
DuPont Petrowet solution... . . 1.0 1.000 43.0 
DuPont Petrowet solution..... 1.0 1.000 38.0 


TABLE 2.—EQUATIUNS FOR ESTIMATING OPERATING AND STATIC HoLpuUPs 


1. Operating holdup for 1.0-in. Raschig rings for y<12 ep. 


=> 


» = 0.00039 | 


for ep. 


» = 0.00025 ( 


p 


1 rE ( ‘ ) 0.925 — 0.262 log L 
(1) 


p 


1 ( — 0.262 log L 
@) 


2. Operating holdup for 1.0-in. Berl saddles for 4<20 ep. 


= 


o = 0.00043 ( 


for ep. 
h, = 0.00025 


3. Static holdup 


1 0.37 
(4) 
p 


p 


1 yr ( * ) 1-033 — 0.262 log L 
7 (3) 
1 ye ( " ) 1-033 — 0.262 log L 


p 


where c, m, and n have the following values for each packing 


Packing 


1.0-in. carbon Raschig rings.............-- 
1.0-in. porcelain Raschig rings............. 
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(5) 

m 
0.0185 0.02 0.23 
0.00020 0.02 0.99 
0.00119 0.04 0.55 
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peared at the higher liquid rates 
for the water solutions. The equa- 
tions appear to be satisfactory, 
however, for estimating operating 
holdups of nonaqueous liquids in 
the range of liquid rates employed 
in this work, namely, 1,000 to 10,- 
000 Ib./ (hr.) (sq.ft.). 

The effect of surface tension on 
static holdup is independent of 
liquid rate, as shown in Table 2; 
however, the effect is different for 
each packing, indicating that both 
the shape and nature of the pack- 
ing material influence static holdup. 
The shape of the packing deter- 
mines the number of points of con- 
tact and the horizontal or almost 
horizontal surfaces on which the 
static holdup accumulates. The na- 
ture of the packing surface will 
determine the interfacial tension 
at the liquid-gas-packing contact 
points and control the degree of 
wetting and accumulation of the 
liquid which makes up the static 
holdup. For this reason, each type 
of packing material may show a 
different effect of surface tension 
on static holdup. For all the pack- 
ings the static holdup increases as 
surface tension increases, as might 
be predicted from an analogy to 
hanging drops of liquid although 
there is no direct proportionality 
for all packings. The absence o< a 
direct proportionality is an indica- 
tion that there is more than one 
mechanism for the accumulation 
and retention of water in packings. 


Effect of Viscosity. For viscosities 
below 12 ep., operating holdups in- 
crease with increasing viscosity to 
the 0.13 power. This is in good 
agreement with the 0.1 power found 
by Jesser and Elgin(1) in the same 
viscosity range. For viscosities 
over 12 cp. for rings and 20 ep. for 
saddles, the effect changes and the 
0.31 power on viscosity represents 
the data satisfactorily. There is no 
good reason to account for this 
change in the effect of viscosity at 
an intermediate viscosity. 

Static holdups are affected very 
little by increases in viscosity, as 
shown by the 0.02 to 0.04 power 
on viscosity. From the definition 
of static holdup one might expect 
no effect of viscosity at all, but 
from an experimental point of view 
the slow-flowing liquids of very 
high viscosity can* easily cause 
some of the operating holdup to be 
mistaken for static holdup. 


Effect of Liquid Density. Operating 
holdups were found to decrease as 
density increased. The 0.84 power 
on (1/9) is in good agreement with 
the 0.78 power observed by Jesser 
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and Elgin(1) over a more limited 
range of liquid densities. 

The static holdups show a simi- 
lar, although smaller, effect of 
density, the power on (1/9) being 
0.37. 


Effect of Liquid Rate. The operat- 
ing holdups were found to be pro- 
portional to LZ to the 0.57 power. 
This is in good agreement with the 


0.6 power, which Leva(2) found as’ 


a good average value for rings and 
saddles. 

Static holdups were found to be 
independent of liquid rate, as in 
Part Tf. 


Effect of the Packing Surface. Oper- 
ating holdups are independent of 
the nature of the packing surface. 
It is probably safe to assume that 
they can be estimated for any 
packing material by means of the 
equations developed from the un- 
glazed-porcelain and carbon pack- 
ings. 

Static holdups, however, vary 
widely for different packing ma- 
terials. Carbon rings have static 
holdups which are approximately 
three times as great for water, 
thirteen times as great for meth- 
anol, and eleven times as great for 
benzene as for the corresponding 
porcelain rings. A portion of the 
larger static holdups in the carbon 
packing may be accounted for by a 
porous surface. Thus the static 
holdup as determined with carbon 
rings which have been soaked in 
water for 2 weeks is about 25% 
greater than that found when dry 
rings are employed. When carbon 
rings were soaked in water, ben- 
zene, and methanol it was found 
that they gained several percent in 
weight up to about a week and the 
relative gain in weight was ap- 
proximately proportional to the 
static holdup found with these 
liquids. It is unlikely, however, that 
porosity can account for more than 
a fraction of the total static hold- 
up, and a better reason probably 
could be found in the interfacial 
tension which exists at the gas- 
liquid-solid interface, which causes 
increased wetting of the carbon 
surface and greater retention of 
liquid at points of contact between 
adjacent rings. 

The static holdups reported in 
this work with water solutions were 
obtained with rings which had been 
kept immersed in water when not 
in use. The static holdup for water 
on carbon rings, which was re- 
ported in Part ’I, was obtained 
by starting with dry rings and is 
about 25% lower than holdup in 
this part. Under normal conditions 
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of use in a packed column, the 
static holdup would probably at- 
tain some intermediate value de- 
pending upon the relative humidity 
of the gas passing through the 
column. 
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APPLICATIONS 


Estimation of MHoldups. Although 
the equations tabulated in Table 2 
were developed from data for one- 
inch packings, the good agreement 
as to the effects of the physical 
properties of the liquids with previ- 
ous work on different packings 
makes it possible to estimate hold- 
ups for any packing for which 
water data are available. Extensive 
holdup data for six packings were 
reported in the first part of this 
study (4). Figures 13 to 16, inclu- 
sive, were prepared to supply fac- 
tors to be applied to water holdups 
to correct for any departure from 
the viscosity, density, and surface 
tension of water at 20°C. To esti- 
mate the operating and static hold- 
ups for any liquid, at given liquid 
and gas rates, the corresponding 
water holdups are found first, as 
in Part I, and then multiplied by 
the three factors for viscosity, 
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density, and surface tension as 
given in Figures 13 to 16. 

The use of these charts is equiva- 
lent to using the effects of the 
variables as given in Equations (1) 
to (5) in Table 2. Figures 9 and 
10 show a comparison of the ex- 
perimental points for water, water 
solutions, benzene, and methanol 
with values calculated from the 
charts or equations. It can be seen 
that there is good agreement be- 
tween the two values. 


Vaporization of Liquids in Packed 
Columns. In Parts I and II a design 
method was proposed for packed 
columns which consisted of de- 
termining the mass transfer coeffi- 
cient, kg, and the effective inter- 
facial area, a, separately and com- 
bining the two to obtain the kga 
required for design. The kg is de- 
termined from the following equa- 
tion: 


keMuPeu 
G 


6) 


It was pointed out in the introduc- 
tion that Surosky and Dodge(4) 
vaporized water and several organic 
liquids in a column packed with 
1.0-in. carbon rings and found kga 
proportional to D®-1> rather than 
D°-87 as indicated by Equation(6). 
It may be possible to explain the 
difference if it can be shown that 
a is not the same for all liquids, as 
assumed by Surosky and Dodge(4) 
and other investigators. A compari- 
son of the total holdups in 1.0-in. 
carbon rings for water, benzene, 
and methanol, which were three of 
the liquids employed, shows the 
organic liquids to have much great- 
er holdups than water, as required 
to help explain the difference. To 
test this quantitatively Figure 11 
shows a plot of kga(y/eD)?/ vs. G 
at a liquid rate of 1,600 lb./ (hr.) 
(sq.ft.) for the vaporization of 
these three liquids based on the 
data of Surosky and Dodge. If the 
2/3 power on diffusivity held and 
the effective interfacial areas for 
the three liquids were the same, 
the data should fall on one line. It 
is obvious that this is not the case. 
If it is assumed that a is propor- 
tional to total holdup, h,, and the 
effect of different total holdups on 
kg is taken into account in the 
(1—<) term in Equation (6), 
then kga(y/oD)2/3 (hy) 
plotted vs. G for the same data 
should bring the points in line. 
The results are shown in Figure 
12, where it can be seen that the 
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points are in much better agree- 
ment than in Figure 11. There are 
several reasons that may be ad- 
vanced to account for the disagree- 
ment that still exists. The total 
holdup may not be directly propor- 
tional to a or the proportionality 
constant may not be the same for 
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all the liquids. In addition, the 
vaporization data may be in error 
because of the difficulties encoun- 
tered in obtaining good data. The 
data used were obtained with a 
packing depth of 4.0 in.; correc- 
tions were made for end effects 


LIQUID DENSITY, gm./mi 


“Ig. 14. Factors TO Be APPLIED TO 
WatEeR HoLpups TO DETERMINE THE 
EFFECT OF LIQUID DENSITY. 


Vol. 1, No. 2 


1000 
pos: T T 
800;— 
700}—- = 
500}- 3 % 4 
300}— 
4 O Water 
& Methanol 
@ Benzene 
100 200 300 400 600 80C 1000 


G, GAS RATE, Ibs. /(he)(sq ft) 


Fic. 12. VAPORIZATION MAss TRANS- 
FER COEFFICIENTS FOR THREE SYSTEMS 
CORRECTED FOR DIFFUSIVITY AND 
HOLDUP. 


equivalent to 2.2 in., as found by 
experiment for water. Errors in 
measuring the packing depth or in 
assuming the same end effect for 
all liquids may easily account for 
some of the disagreement shown in 
Figure 12. If one had used the 
water vaporization data, and all 
the corrections suggested, it would 
have been possible to estimate the 
data for benzene and methanol 
vaporization within about 15% of 
the experimental values. Disagree- 
ment of this magnitude can be 
tolerated in the design of packed 
columns. 


Estimation of a. Holdups can be of 
value in estimating both kg and @ 
for the purposes of determining 
the mass transfer coefficient, kga, 
required for design. AS was men- 
tioned previously, the total holdup, 
h;, which is the sum of the operat- 
ing and static holdups, is required 
to evaluate the void fraction, «, 
available for gas flow in the pack- 
ing for use in Equation (6). This 
void fraction, <«, is simply the void 
fraction for the dry packing minus 
the total holdup, h;. 
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Total and operating holdups can 
be used to estimate effective inter- 
facial areas for absorption and 
vaporization for any liquid from 
the areas presented in Part II for 
absorption in water. In absorption, 
a is proportional to operating hold- 
up, and so it can be estimated as 
follows: 


Qabs = (dads) w (7) 


The ratio h,/h,, is the product of 
the factors obtained from Figures 
13, 14, and 15 which correct for 
liquid physical properties different 
from those of water. 

In vaporization, a is proportional 
to total holdup, and the relation- 
ship 

Avap he 

0.85 (8) 
which was found in Part I to hold 
for water, can be applied to esti- 


mate a,,, for any liquid from 
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Avap = 0.85 (dats) = (9) 
or 


The required values of (G45). 
and h,, are available in Parts I 
and II for the common sizes of ring 
and saddle packings. 


SUMMARY OF RESULTS AND 
CONCLUSIONS 


Operating and_ static holdup 
data have been obtained for water 
solutions of sorbitol, calcium chlor- 
ide, and a wetting agent as well 
as for benzene and methanol, by 
use of 1-in. porcelain and carbon 
rings and porcelain saddles. 

Charts have been prepared for 
estimating holdups for any liquid 
from data available for water. 
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Applications of holdup data to 
explain the effect of diffusivity on 
the vaporization of liquids in pack- 
ings and to estimate effective inter- 
facial areas for mass transfer have 
been outlined. 
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NOTATION 
a = effective interfacial area, sq. 
ft./cu.ft. 


c= constant in Equation (5) 

D = diffusivity of solute in gas, 
sq. ft./hr. 

D, = diameter of sphere possessing 
the same surface area as a 
piece of packing, ft. 


G = superficial gas rate, lb./ (hr.) 
(sq.ft. ) 

h, = operating holdup, cu.ft./cu.ft. 

h, = static holdup, cu.ft./cu.ft. 

h, = total holdup, cu.ft./cu.ft. 

kg = gas-phase mass transfer co- 
efficient, lb. moles/ (hr.) (sq. 
ft.) (atm.) 

kga = gas-phase mass transfer co- 
efficient, lb. moles/(hr.) (cu. 
ft.) (atm.) 

L=superficiai liquid rate, lb./ 
(hr.) (sq.ft. ) 

m = constant in Equation (5) 

My, =mean molecular weight of 
gas, lb./lb. mole 

n = constant in Equation (5) 

Pyy = mean partial pressure of 
inert gas in the gas phase, 
atm. 


Greek Letters 


v. = liquid viscosity, centipoises 
= gas viscosity, lb./ (hr.) (ft.) 


= liquid density, g./ml. 

= gas density, lb./cu.ft. 
so = surface tension, dynes/cm. 
= void fraction, cu. ft./cu.ft. 


Subscripts 


w = for water systems 

abs = for absorption work without 
a chemical reaction 

vap = for vaporization work 
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CORRELATION OF DIFFUSION 
COEFFICIENTS IN DILUTE 


SOLUTIONS 


C. R. WILKE and PIN CHANG 


University of California, Berkeley, California 


The diffusion coefficient is nor- 
mally defined and assumed in this 
study to be the proportionality 
constant in the rate equation writ- 
ten for undirectional mass trans- 
fer as follows: 


Equation (1) is strictly applicable 
in ideal dilute solutions in which 
convective transport due to volume 
changes on mixing is negligible, 
and in which other possible modes 
of mass transfer ‘are not opera- 
tive. This paper represents an at- 
tempt to generalize the relation of 
D to conveniently available proper- 
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ties of dilute solutions so as to per- 
mit estimation of diffusion coeffi- 
cients for engineering purposes. 


PREVIOUS CORRELATION 


In the earlier paper by Wilke 
(10) a method of correlating dif- 
fusion coefficients was proposed on 
the basis of qualitative conclusions 
of the Eyring theory(3) and the 
Stokes-Einstein relation. It was 
shown that the group T/Dv, desig- 
nated as the diffusion factor F, 
was essentially independent of tem- 
perature for available systems. 
Furthermore F could be repre- 
sented as a smooth function of 
molal volume for diffusion of vari- 
ous solutes in a given solvent. In 
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general it was assumed that this 
function extrapolated into the 
Stokes-Hinstein equation at very 
large solute molal volumes. 


DEVELOPMENT OF NEW 
CORRELATION 


Sources of Data. At the time of the 
previous work so few data were 
available for diffusion of single 
solutes in a variety of solvents that 
the effect of solvent properties 
could not be brought into a gen- 
eral correlation. In a special effort 
to obtain suitable data of this kind 
a companion experimental study 
(2) was conducted involving the 
diffusion of iodine and toluene in 
a wide variety of hydrocarbon 
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20-— solvents ranging from hexane 
| | | | | | | on through tetradecane. Data were 
| also obtained for diffusion of or- 

10 ee ; | | ganic acids in several solvents. 

| These new data were supplemented 
o}Y | | by certain other data from the 
1/9 | reported in the previous paper(10), 
wis. es to provide a basis for the present 
development. All data which sup- 
he ee plement those presented in Tables 
‘Oo 2 through 5 of reference(10) are 
se of Ne presented in Table 1. 
Ho | 
PREVIOUS CORRELATION OF WILKE 
| Fic. 1. DIFFUSION IN WATER. 
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LSLOPE = 0.6 
Effect of Solute Molal Volume. Fig- 
ure 1 shows the diffusion as a 
4} oe al function of molal volume for vari- 
oe) | ous solutes in water based on data 
Oo 31 Lean from Table 2 of reference 10. Molal 
volumes used throughout this work 
z eo are values at the normal boiling 
5|+ 2 BROMONAPHTHALENE | point estimated for complex mole- 
= | cules by the atomic contributions of 
Vv CARBON TETRACHLORIDE | | LeBas(1,6) as summarized in 
1ODINE Table 2. 
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Stokes-Einstein equation which re- 
quires a slope of 1/3 at high molal 
volumes. On the assumption that 
molecules are spherical with a 
radius equal to (3V/4xN)1/3 the 
Stokes-Einstein equation may be 
written as follows: 


7 1/3 
Dy 1004x 10° 


Equation (2) is shown as a dotted 
line on Figure 1. The general be- 
havior of the curve of Figure 1 
relative to the Stokes-Einstein 
equation constitutes reasonable evi- 
dence in favor of the proposed 
method of correlation. 

Over the middle range of molal 
volumes the curve of Figure 1 may 
be satisfactorily represented by a 
line of slope 0.6. Bearing in mind 
the theoretical limitations of the 
assumption it is convenient to as- 
sume that the diffusion factor is 
proportional to V°-® over the mid- 
dle range. The proportionality of 
Dx to V°-® was used by Thakar and 
Othmer(8) in their representation 
of the correlation for diffusion of 
substances in water. 

To explore the molal volume ef- 
fect in nonaqy:eous systems several 
solvents were studied as shown in 
Figures 2 through 4. The group 
may be represented satis- 
factorily as proportional to V9-6, 
It is therefore a fair generaliza- 
tion that Dx/T is proportional to 
V6 in the medium molal volume 
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TABLE 1.—DIFFUSION DATA FOR VARIOUS SYSTEMS 


(Supplementary to Tables 2 to 5 of reference 10) 


Solute 
Acetic acid 


i-Amy] alcohol 
Aniline 
Benzene 


Benzoic acid 


Benzo-trichloride 
Bromobenzene 


Bromform 


Bromonaphthalene 


a-Bromo- 
naphthalene 


m-Bromotoluene 


Carbon 
tetrabromide 


Carbon 
tetrachloride 


Cinnamic acid 


Ethyl benzoate 


Solvent 


Acetone 


Benzene 


Carbon tetrachloride 


Toluene 


Ethyl alcohol 
Ethyl alcohol 


Bromobenzene 
Chloroform 
n-Hexane 


Acetone 


Benzene 


Carbon tetrachloride 


Toluene 


Toluene 


Benzene 
Cyclohexane 
m-Cymene 
Ethyl benzene 
Ethl ether 
n-Hexane 
Mesitylene 
Transdecalin 
m-Xylene 


Acetone 
Benzene 
Ethyl alcohol 


Ethyl alcohol 


Benzene 

Cyclohexane 

Decalin 

Dibenzyl ether 
n-Hexane 

a—Methyl naphthalene 
Tetralin 

Toluene 


Toluene 
Benzene 


Benzene 
Carbon tetrachloride 
Cyclohexane 
Decalin 
Dioxane 
n-Heptane 
n-Hextane 
Isooctane 
Kerosene 
Tetralin 
Toluene 


Acetone 
Benzene 
Carbon tetrachloride 
Toluene 


Acetone 

Benzo trichloride 
Ethyl acetate 
Nitrobenzene 
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DX10 
Tempera- sq. cm./sec. sq. cm./sec. 

ture, °C. (obs.) (calc.) 
40.0 4.044 3.49 
25.0 3.309 2.85 
15.0 2.916 251 
25.0 2.081 1.74 
5.9 1.587 1.22 
6.5 1.13 
14.8 1.267 1.32 
25.0 1.490 1.58 
40.0 1.780 2.04 
25.0 2.265 2.00 
15.0 1.905 
6.8 1.661 1.48 
20.0 0.78 0.85 
18.5 2.70 2.41 
7.5 1.02 1.20 
15.0 3.70 2.54 
15.0 3.70 3.85 
13.2 2.368 1.66 
25.0 2.622 1.89 
40.0 3.054 2.19 
15.0 1.170 0.95 
25.0 1.379 1.13 
40.0 1.762 1.44 
14.8 0.776 0.87 
25.0 0.908 1.04 
40.5 1.168 1.36 
16.0 1.289 1.16 
25.0 1.493 1.34 
40.0 1.851 1.65 
7.6 1,29 
13 1.41 1.29 
to 0.90 0.91 
1.34 1.18 
7.3 1.44 155 
3.50 3.80 
(4S: 2.60 3.02 
7.3 Tot 1.54 
0.47 0.48 
1,52 1.69 
20.0 2.74 3.22 
20.0 1.88 
20.0 0.97 0.96 
20.0 0.76 0.72 
(Ce 1.04 1.05 
ts 0.85 0.72 
7.3 0.34 0.39 
0.149 0.17 
2.15 2.44 
(hs 0.226 0.22 
0.36 0.38 
1.24 
7.4 1.52 1.48 
ts 
25.0 2.00 1.87 
25.0 1.41 1.74 
25.0 1.49 

25.0 0.776 0.733 
25.0 1.02 1.01 
25.0 
25.0 3.70 
25.0 2.57 2.86 
25.0 961 1.03 

25.0 0.735 2730 
25.0 2.19 2.22 
25.0 2.41 251 
25.0 1.21 0.99 
25.0 0.755 0.91 
25.0 1.18 1.14 
20.0 2.47 2.29 
20.0 0.52 0.58 
20.0 1.85 2.01 
20.0 0.60 0.51 
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Ethylene bromide Ethylene chloride 


Formic acid Acetone 


Benzene 
Carbon tetrachloride 


Toluene 


n-Heptyl bromide Heptane 


n-Hexyl bromide Hexane 


Iodine 
Carbon tetrachloride 
Cyclohexane 
Dioxane 
Ethyl alcohol 


Heptane 
Hexane 
n-Hexane 
Todine Methyl cyclohexane 


n-Octane 
n-Tetradecane 


Iodobenzene Benzene 


Methyl iodide Toluene 


Methylene chloride 


Acetone 
Ethyl benzoate 
Ethyl acetate 


Nitrobenzene 


n-Octyl bromide Octane 


Pyridine Ethyl alcohol 
1, 2, 4, 5-Tetra- 
chlorobenzene Benzene 
1, 2, 4-Trichloro- 
toluene Benzene 
Toluene n-Decane 
n-Dodecane 
n-Heptane 
n-Hexane 


n-Tetradecane 


7.3 1.11 1.31 d 
25.0 3.768 3.59 
18.5 3.274 3.12 

6.5 3.132 2.87 

6.2 1.991 148 a4 
13.9 2.306 1.76 
25.0 2.577 2.14 

8.5 1.612 148 
25.0 1.888 2.01 
15.0 1.673 1.67 

6.2 2.285 1909 a 
14.1 2.463 2.32 
25.0 2.646 2.54 

7.4 1.52 148d 

7.6 2.31 2.54 
25.0 1.50 
15.0 1.54 119 a 
25.0 1.07 1.31 i 
40.0 1.72 lim « 
25.0 1.316 
25.0 3.42 460 i 
25.0 4.05 496 i 
25.0 4.24 437 
40.0 2.71 274 
30.0 2.30 2.28 
15.0 2.43 3.04 a 
25.0 0.96 114 

7.3 1.35 131d 

74 2.23 240 

75 2.06 254 d 
20.0 2.94 283 hk 
20.0 0.73 0.66 
20.0 2.25 248 h 

7.5 1.46 142 d 
20.0 1.12 100 

7.6 1.24 103d 

7.6 1.34 1.12 d 
25.0 2.09 
25.0 1.38 119 a 
40.0 4.33 408 a 
25.0 3.72 33 4 

6.9 2.95 256 a 
25.0 4.21 413 a 
25.0 1.02 086 a 
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range for both aqueous and non- 
aqueous solvents. However, it must 
be recognized that special struc- 
tural features of molecules and 
other molecular interactions may 
be important in certain cases and 
that therefore the proposed rela- 
tionship is at best an oversimplifi- 
cation utilized to obtain a practical 
result. 
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Effect of Solvent Properties. Study 
of the effect of solvent properties 
in addition to viscosity centered on 
the behavior of the group D»/T 
for diffusion of single solutes in a 
variety of solvents. A wide variety 
of variables such as molal volume, 
heat of vaporization, molecular 
weight, etc., were examined. Of 
these the solvent molecular weight 
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appeared to correlate the data most 
successfully. Figure 5 shows the 
group Dx»/T as a function of molec- 
ular weight for diffusion of given 
solutes in a number of solvents. 
Although there is considerable 
scatter of the points a line of slope 
1/2 on the log-log plots correlates 
each system moderately well. As in 
the case of the molal-volume effect 
there are obviously other factors 
involved so that use of solvent 
molecular weight is satisfactory 
only as a first approximation. The 
data of Trevoy and Drickamer (9) 
are for 0.50 mole fraction of phenol 
in various hydrocarbons so that the 
solvent molecular weight is used 
primarily to show the trend. 


General Correlation for Unassociated 
Liquids. From the results of the pre- 
ceding section it was concluded 
that an equation of the fellowing 
form would express the effects of 
solute and solvent: 


1/2 
D = const. aie (3) 


Figure 6 shows a log-log plot of 
D/T vs. the group 7V°-*/M1/2 for a 
wide variety of unassociated solv- 
ents embracing the data of Table 
2 of this paper and Table 5 of 
reference 10. The method of plot- 
ting was selected to spread the 
data and best illustrate the scope 
of the correlation. The line through 
the data has slope —1 as required 
in the assumptions of the correla- 
tion and may be expressed by the 
equation 


Data for 155 points among 123 dif- 
ferent solute-solvent systems are 
expressed by the correlation with 
an average deviation of 12% be- 
tween calculated and observed re- 
sults. 


D=7A4X 10 


(4) 


Correlation of Associated Liquids. As- 
sociated liquids such as water and 
other hydrogen-bonding solvents 
might be expected to show devia- 
tion from the correlation of Figure 
6. Figure 7 shows the plot of D/T 
vs. 7V°8/M1/2 for diffusion in 
water. The best line through the 
data falls clearly above the dotted 
line representing Figure 6. This 
deviation is in the direction corre- 
sponding to association of the 
solvent. By assigning a molecular 
weight to the solvent equal to 2.6 
times the nominal molecular weight 
of water one can bring the data of 
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TABLE 2—ATOMIC VOLUMES FOR COMPLEX MOLECULES, MOLECULAR 
VOLUMES FOR SIMPLE SUBSTANCES 
Atomic Volumes 

Bromine 27.0 Nitrogen, in secondary amines 12.0 
Carbon 14.8 Oxygen (except as noted below) 7.4 
Chlorine 24.6 Oxygen, in methyl esters 9.1 
Hydrogen 30 Oxygen, in methyl ethers 9.9 
Iodine 37.0 Oxygen, in higher ethers and esters 11.0 
Nitrogen, double bonded 15.6 Oxygen, in acids 12.0 
Nitrogen, in primary amines 10.5 Sulfur 25.6 

For three-membered ring, as in ethylene oxide, deduct 0.6 

For four-membered ring, as in cy clobutane, deduct 8.5 

For five-membered ring, as in furan, thiophene, deduct 11.5 

For pyridine, deduct 15 

For benzene ring, deduct 15 

For naphthalene ring, deduct 30 

For anthracene ring, deduct 47.5 

Molecular Volumes 

H 14.3 N:O 36.4 

O, 25.6 NH; 25.8 

N2 H.0 18.9 

Air 29.9 H.S 32.9 

CO 30.7 COS 515 

CO, 34.0 Cl, 48.4 

SO, 44.8 Bro 53.2 

NO 23.6 I; We 

D.0* 20.0 


*Estimat ed value. 


0.4 0.6 
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Figure 7 squarely onto the curve 
of Figure 6. 

Thus the correlation for diffusion 
in water and also in nonassociated 
solvents may be expressed by the 
general equation 


70-6 


D=7.4 X10 


(5) 
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UNASSOCIATED LIQUIDS. 


The association parameter x is in- 
troduced to define the effective 
molecular weight of the solvent 
with respect to the diffusion proc- 
ess. For nonassociated solvents 
x = 1.and for water x = 2.6. 
Diffusion in methyl alcohol is 
shown similarly in Figure 8, indi- 
cating an association parameter of 
1.9, and for diffusion in ethyl alco- 
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TABLE 3—COMPARISON OF ASSOCIA- 
TION PARAMETERS WITH ASSOCIATION 
NUMBERS OF JACOBSEN 


Association Association 


Solvent parameter, x number* 
Water 2.6 60 
Methy] alcohol 1.9 30 
Ethyl alcohol ES 
Benzene 1.0 1.0 
Ether 1.0 1.02 
Heptane 1.0 1.0 
*At 20°C. 

hol, illustrated in Figure 9, « is 


found to be 1.5. 

It is of interest to compare the 
values of x with the association 
numbers recommended by Jacobsen 
(4) from intermolecular  free- 
length relationships as given in 
Table 3. Although Jacobsen’s as- 
sociation numbers are larger than 
the present association parameters 
the agreement in order of the 
solvents suggests that the general 
concept of the association effect 
may be valid. The results further 
suggest that the methods of Jacob- 
sen might be used to select an as- 
sociation parameter which normal- 
ly would lie between the values of 
2.6 for water and 1.0 for unassoci- 
ated solvents. 

By use of the given association 
parameters the data for diffusion 
in water are correlated by Equation 
(5) with an average deviation of 
about 6%. Data for methyl] alcohol 
are predicted within 11%. It should 
be noted that the experimental 
data for methyl alcohol systems 
are known to be of rather low pre- 
cision in the original source. 


DISCUSSION 


General Comment. The correlation 
represented by Equation (5) is 
satisfactory for estimation of dif- 
fusion coefficients in dilute solu- 
tions with sufficient precision for 
most engineering purposes, i.e. 
about 10% average error.* It must 
be emphasized that the diffusion 
process is extremely complex and 
that any rigorous treatment must 
consider solute-solvent interaction 
in a more detailed manner than 
the present relation could possibly 
imply.* Although the present func- 
tional relationship of diffusion co- 
efficient to solute molal volume 
rests upon some qualitative theo- 


*For 285 points among 251  solute-solvent 
systems of this study. 

+Diffusion of iodine in aromatic hydrocarbons, 
for example, has been excluded from the present 
correlation because of known complex forma- 


tion. 
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retical foundation, the relation- 
ship to solvent molecular weight 
is strictly empirical. Some theo- 
retical basis for the latter rela- 


tionship or some improved corre- 

lation would be highly desirable. 
Only a tenfold range of viscosity 

is covered by the solvents present- 
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ed here. Study of the correlation 
and deviations from constancy of 
the group Dx/T over more exten- 
sive temperature and _ viscosity 
ranges is especially needed. Al- 
though deviations in constany of 
Dx/T have been observed and 
might well be expected for strongly 
interacting solute-solvent systems 
such as iodine in aromatic solvents 
and acetic acid in ethylene glycol, 
use of the group seems justified 
for prediction of the effect of tem- 
perature on D in absence of ex- 
perimental data. 


Comparison with Other Correlations. 
Olson and Walton(5) have pro- 
posed a general form of correla- 
tion of diffusion coefficients based 
on surface-tension lowering of the 
solvent by the solute. In view of 
the special data required no at- 
tempt will be made to compare 
their method quantitatively with 
the present correlation. 

Scheibel(7) has fitted the corre- 
lation of Wilke to a general equa- 
tion involving the molal volumes 
of solute and solvent based on the 
curves for water, methyl alcohol, 
and benzene. In view of the special 
distinction developed above be- 
tween water and methyl] alcohol as 
associated solvents and benzene as 
an unassociated solvent the basic 
assumptions used by Scheibel are 
believed to be in error. 

Thakar and Othmer(8) have pro- 
posed the following general equa- 
tion developed through the refer- 
ence substance method: 


thw 14 X 10 (6) 

For diffusion in water only it was 
assumed that the group D7!-! fitted 
the temperature behavior better 
than did the Stokes-Einstein group 
Dx/T. However since the ratio 
[4t-1]/[4/T] changes only 10% for 
water between 0° and 80°C. it is 
difficult to justify a choice between 
the two ways of representing the 
temperature dependence on the 
basis of the relatively limited data 
presently available. 

Contrary to conclusions of the 
present study, for diffusion of a 
single solute in various solvents at 
20°C. Equation (6) does not per- 
mit variation of Dx,’ with solvent 
molecular weight. Application of 
Equation (6) to thirty-six repre- 
sentative systems involving dif- 
fusion of various solutes among 
twenty-one unassociated solvents 
gave rather unsatisfactory results, 
with an average deviation of over 
30% between calculated and ex- 
perimental diffusion coefficients. 
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CONCLUSION 

It is believed that Equation (5) 
represents an improvement over 
previous correlations of diffusion 
coefficients in dilute solutions. Due 


caution of course should be ob- 
served in extending the method far 
beyond the range of variables and 
types of systems included in the 
present development. To facilitate 
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use of the method a revised dif- 
fusion-factor chart is given in Fig- 
ure 10 to include the association 
parameter and molecular weight of 
the solvent. 
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NOTATION 
C = concentration, g. moles/cce. 
D= diffusion coefficient, sq.cm./ 
sec. 
F = diffusion factor, T/Dn, 
(°K.) (sec.) 


(sq.cm.) (centipoise) 

L, = latent heat of vaporization of 
solvent 

L,, = latent heat of vaporization of 
water 

M = molecular weight of solvent 

N = Avogadro’s number, mole- 
cules per mole 

N, = diffusion rate of component 
A, g. moles/ (sec.) (sq.cm.) 

V =molal volume of solute at nor- 
mal boiling point, cc./g. mole 

t = temperature, °C. 

T = temperature, °K. 

= association parameter, multi- 
ple of nominal molecular 
weight of solvent to give ef- 
fective value 

Z= distance in direction of dif- 
fusion 

viscosity of solution, centi- 
poise 

Nw = Viscosity of water, centipoise 
Ne? = Viscosity of solvent at 20°C., 
centipoise 
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Communications to the £ditor 


A Note on the Locus of the Maximum of a 
Distillation Line 


R. M. BUTLER 


Queen’s University, Kingston, Ontario 


In a recent paper(1) Lee and 
Kammermeyer point out that it 
would be desirable to derive a 
theoretical equation for the locus 
of the point of maximum concen- 
tration of the intermediate com- 
ponent in a distillation at total 
reflux for a ternary system of con- 
stant relative volatilities. The fol- 
lowing note is a solution to this 
problem. 

With subscripts 1, 2, and 8 re- 
ferring to the components in in- 
creasing order of relative volatility, 
the composition in the still may be 
given by X,,, Xo,, and X;,. The 
composition of the vapor rising 
from the nth plate is equal to the 
composition of the liquid falling 
from the plate above and is given 
by Y,, Yo and Y; in the following 
modified forms of Fenske’s equa- 
tion. In these equations the still 
is considered as the first plate. 


log Y2 = nlog 


log ( ae ) + log Ys (1) 
<1 3s 


log Y2 = nlog (=) + 


log ( 


Although Equations (1) and (2) 
have a real meaning only for in- 
tegral values of n (for columns com- 
posed of theoretical plates), it is 
convenient for the present purpose 
to consider ” as a continuous vari- 
able. As fractional theoretical 
plates frequently occur in design 
calculations this assumption intro- 
duces no new concept. Concentra- 
tions in a packed tower do, of 
course, change smoothly. 


At the maximum concentration 
of Y., 


) + log Yi (2) 


Vol. 1, No. 2 


Therefore when (1) and (2) are 
differentiated with respect to n, 
the still composition being con- 
stant, 


d log Ys (z:) 
dn log a3 (3) 
and 
dlog¥:_ _ (2) 
log (4) 


If (8) is divided by (4) the result 
is 


dlogYs_ Y1 _a¥s__log as) 

dlogYi1 Ys log (a2/a1) 
(5) 

But Y:+Y2+Yi=1 

Therefore dY3+dY2+dY1=0 

at the maximum of Y2, dY2=0 

Therefore 1 (6) 


dY, 
If (6) is substituted in (5) the 
following equation for the locus of 
the maximum is obtained, 


= log (a2/ a1) 
Tog (as/a2) 


As was foreseen by Lee and 
Kammermeyer, this is the equation 
of a straight line passing through 
the origin. Although Equation (7) 
represents the dotted lines drawn 
by Lee and Kammermeyer in their 
Figures 1 and 2, it is not of the 
same form as the empirical equa- 
tion which they suggest. 


(7) 
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A.LCh.E. Journal 


Commencement 


Following are some of the comments 
received by the editor on the first issue 
of the Journal. Suggestions in these and 
other letters are much appreciated. 


I have just had an opportunity to 
examine my copy of Vol. 1, No. 1, of 
the A.I.Ch.E. Journal, and I want to 
congratulate you on its appearing and 
to wish you the best of success in 
this new venture. 

Personally, moreover, I want to 
felicitate you on your consistency in 
the application of the A.I.Ch.E. 
recommended system of nomenclature 
and abbreviations, and in general on 
the typographical standards exhibited 
throughout the pages. 

THOMAS H. CHILTON 
Wilmington, Delaware 


Last evening I received a copy of 
the first issue of the A.I.Ch.E. Jour- 
nal. I think it is splendid and I want 
to thank you and Van for an excel- 
lent 

J. H. RUSHTON 
Chicago, Illinois 


My hearty congratulations on thd 
splendid first number of the A.I.Ch.E 
Journal. It shows every evidence of 
painstaking and highly competent 
editorial planning and execution. In 
my opinion the new Journal, which 
has been needed for a long time, will 
very soon become recognized through- 
out the world as the leader in its 
field. ... 

W. B. VAN ARSDEL 


Albany, California 


The first issue of the A.LCh.E. 
Journal arrived this morning. Let me 
extend my congratulations and good\_ 
wishes for the excellent job in get- 
ting together the first issue... . 

ROBERT YORK 
St. Louis, Missouri 


Would you please accept my hearty 
congratulations for your great suc- 
cess in the first issue of A.I.Ch.E. 
Journal? I was very happy to see 
another excellent publication of the 
Institute. ... 

CHEN-JUNG HUANG 


Beaumont, Texas 


You and your staff are to be con- 
gratulated on the A.I.Ch.E. Jour- 
nak 4-2 

H. TEN BROECK 


Queens Village, New York 


The long-awaited debut of the A.I. 
Ch.E. Journal materialized in fine 
style. The maiden issue is certainly 
most impressive and I’d like to add 
my congratulations to you and your 
staff. It will certainly provide plenty 
of grist for any one’s mill.... 

MARCEL BOGART 


New York, New York 
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DU MONT 
Multiplier 
Phototube 
REFERENCE 
MANUAL 


Awalible — The first 


comprehensive reference manual of 
commercially available multiplier 
phototubes by Du Mont. 


In 64 pages, this manual gives you: 
Design considerations 
@ Operating principles 
@ Applications 
@ Typical circuits 
@ Detailed specifications of all 


multiplier phototubes 


The new Du Mont multiplier phototube 
reference manual will be helpful not 
only in choosing the proper tube for 
a specific task, but also in 
obtaining the best possible results 
through selection of optimum 
operating conditions. 


This manual is available by writing 
on your company leiterhead to: 


Technical Sales Department 


Allen B. Du Mont Laboratories, Inc. 
760 Bloomfield Avenue, Clifton, N. J. 
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BOOKS 


Molecular Theory of Gases and Liquids. 
Joseph O. Hirschfelder, Charles F. Cur- 
tiss, and R. Byron Bird. John Wiley & 
Sons, Inc., New York (1954). 1219 
pages. $20. 


This volume, the result of studies 
undertaken in the Bumblebee Pro- 
gram of the Bureau of Ordnance, is 
divided into three roughly equal parts 
covering equilibrium properties (equa- 
tion of state, vapor-liquid equilibria, 
surface tension), nonequilibrium or 
transport phenomena (viscosity, dif- 
fusion, thermal conductivity), and in- 
termolecular forces. 

The first section contains a review 
of equilibrium statistical mechanics 
and develops the equation of state in 
terms of the potential energy of in- 
teraction between molecules of the 
fluid. In principle the dependence of 
the potential energy of interaction on 
the distance between two interacting 
molecules and their orientation can 
be calculated from a priori quantum 
mechanical considerations. In prac- 
tice empirical potential-energy func- 
tions containing adjustable param- 
eters are used. 

The second section is a presenta- 
tion of nonequilibrium _ statistical 
mechanics and of the theory of trans- 
port phenomena. Included are hydro- 
dynamic applications such as propa- 
gation of sound waves, detonations, 
and flames. 

The third section is devoted to the 
electromagnetic and quantum mechan- 
ical theory of the forces between 
molecules, ions, free radicals, and 
atoms. The results of calculations of 
intermolecular forces are compared 
with the information obtained from 
bulk properties in sections one and 
two. 

A particularly useful feature of 
the book is the inclusion of numerous 
illustrative examples giving in detail 
numerical examples of the calcula- 
tion methods employed. Problems are 
given at the end of each chapter. 
The book concludes with about eighty 
pages of tables of functions required 
in the calculation of properties by 
means of potential-energy functions. 

This volume will be useful and in- 
formative for the engineer who has 
good basic training in mathematics, 
physics and statistical mechanics. It 
will be particularly valuable in indi- 
cating logical methods for predicting 
properties and extrapolating, on a 
sound theoretical basis, into regions 
where no experimental data exist. 

The authors are to be complimented 
on this work. It is a compendium of 
the present status of knowledge of a 
fundamental portion of our science. 

A useful excerpt* of the work has 
also been published. 

ERNEST SOLOMON 
THE M. W. ager COMPANY 


*Hirschfelder, J. O., Curtiss, and R. 
B. Bird, Soc. 76, 1011 
(1954). 4 
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4.75 to nonmembers) 
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$4.75 to nonmembers) 


Reaction Kinetics and 


Transfer Processes 
(125 pages; $3.75 to members, 
$4.75 to nonmembers) 
Heat Transfer—Atlantic 
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(162 pages; $3.25 to members, 
$4.25 to nonmembers) 
Phase-Equilibria—Col- 
lected Research Papers 
for 1953 


(113 pages; $3.25 to members, 

$4.25 to nonmembers) 

Applied Thermodynamics 

(163 pages; $3.25 to members, 

.25 to nonmembers) 
Communications 

(57 pages; $1.00 to members, 

$1.50 to nonmembers) 


Heat Transfer—Research 
Studies for 1954 


(67 pages; $1.50 to members, 
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